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Uberblick

Die harte Rontgenemission hochgeladener Krypton und Xenon Ionen wurde mit-
tels konventioneller und neuentwickelter Kristallspektrometer der von Hamos und
DuMond Geometrie feinstrukturméfig aufgelost und ihre Anwendung in Hinblick
auf die Elektronen— und lonentemperaturdiagnostik sowie.die Ladungsverteilungs-
gleichgewichtbestimmung von Hochtemperaturplasmen untersucht. Die Experimente,
die an den nieder- und hochenergetischen Elektronenstrahlionenfallen des Lawrence
Livermore National Laboratory durchgefiihrt wurden, umfassen die Vermessung der
etwa 0.1 nm langen Wellenldngen der charakteristischen K-Schalenemission des helium-
artigen Kryptons (Kr***) und des durch dielektronische Rekombination innerschalen-
angeregten lithiumartigen Kryptons (Kr®*), sowie die Vermessung der Ubergangs-
energien und ElektronenstoBanregungswirkungsquerschnitte der Resonanzlinien des
helium- und wasserstoffartigen Xenons (XeS2*, Xe®*) im 30 keV Bereich. Die
anregungsenergieselektive Untersuchung der dielektronischen KLL Resonanzen des
hochgeladenen Krypton lons ermoglicht die genaue Intefpretation der bei spektrosko- .
"pischer Untersuchung von Plasmen erhaltenen Linienprofile dieser charakteristischen
Emissionslinien. = Die Gegeniiberstellung der gemessenen Elektronenstéﬁanregungs-
wirkungsquerschnitte des heliumartigen Xenons mit den theoretischen Werten zeigt

deutlich die Notwendigkeit der Miteinbeziehung der Breit Wechselwirkung.

Fachgebiet(e): Atom, Flissigkeiten und Plasma, Optik;

Schlagworter: Rontgenspektroskopie, Kristallspektrometer, Transmissionskristallspek-
trometer, hochgeladene Ionen, Elektronenstrahlionenfalle. relativistische
und quantenelektrodynamische Effekte in Atomen, Elektron-lon Wech-
selwirkung, dielektronische Rekombination, Strahlungsrekombination,

Ladungsaustausch, Krypton, Xenon;



Abstract

~ Motivated by the need for establishing a reliable database useful for the application of
x~ray spectroscopic tools for the diagnostic of very high temperature plasmas, high-
resolution crystal spectrometer measurements have been performed investigating the
characteristic K-shell radiation of highly charged krypton and xenon. The measure-
ments, which have been performed at the Electron~Beam—’I’on—Trap (EBIT) facility
of the Lawrence Livermore National Laboratory?, inelude the investigation of the n
— 9 — 1 transitions in heliumlike krypton (Kr3+) aﬁd innershell excited lithiumlike
krypton (Kr®*) utilizing & éonventional reflection-type grystal spectrometer of von
Hamos geometry. The electron-excitation—energy selective measurements map the
contribution of the dielectronic recombination lines providing the means of accurate
interpretation of the line profiles of the characteristic Ko x-ray emission of plasmas.
The high—fesolution measurements of then =2 — 1 fransitjons in heliumlike xenon
(Xe®**) and hydrogenlike xenon (Xe®**) were based on a new tfansmission—type crys-
tal spectrometer of DuMond geometry. The resolving power of the developed spec-
trometer was sufficient for charge state specific observation allowing the determination
o_f the electron~impact excitation cross section bfor the hydrogen— and heliumlike Ko
transitions. The disagreement with theoretically predicted values is \a meésure of the

magnitude of the Breit interaction for the highly charged high-Z ions.

Subject(s): Atomic, Fluid and Plasma, Optics;

Keywords: X-ray spectroscopy, crystal spectrometer, transmission-type crystal spec-
trometer, highly charged ions, electron beam ion trap, relativistic and quan-
tum electrodynamic effects in atoms, electron—ion interaction, dielectronic

recombination, radiative recombination, charge exchange, krypton, xenon;
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1 Introduction

The long-time goal of energy “production” by means of nuclear fusion, certainly, has
been a tremendous push for the whole field of plasma physics. Substantial advances
in the design and performance of the various plasma devices always depend on the
availability of appropriate tools for monitoring the proposed progress. Thus, the
development of diagnostic techniques and concepts has to go hand in hand with
those advances, it may even be the leading hand.

High-resolution x-ray spectroscopy, for example, has been successfully applied
as a very reliable diagnostic tool for high-temperature plasmas. Based on crystal
spectrometer measurements of the characteristic emission of heliumlike ions impor-
tant plasma parameters, such as ion temperature, electron temperature, charge state
distribution, and plasma rotation velocity can be determined. In case of very hot
plaémas with electron temperatures in excess of 10 keV, as it is expected for the next
generation fusion devices, characteristic x-ray emission is provided only by heavier
elements, i.e., elements that are not fully stripped in the given plasma coﬁditions.
The most likely candidates for admixture to those plasmas are the noble gases kryp-
ton and xenon. F irst'ly, because the introduction of gaseous media can be controlled
precisely, secondly, because the chemically inert noble-gases can be removed easily
from the plasma device, and thirdly, because krypton and xenon have sufficiently
high ionization thresholds of the 1-s electrons and, thus, are present in the form of
heliumlike ions over a broad range of high—-temperature plasmas. A correct interpre-
tation of the observed spectra, however, depends on the availability of accurate data
with respect to the atomic structure and processes of the highly charged ions. The
need for establishing a reliable database that includeé transition energies as well as
excitation, recombination, and ionization cross sections is, thus, the first step for a
successful application of spectroscopic tools. This thesis is a small contribution to
such a database presenting measurements regarding the characteristic K—shell radia-

tion of highly charged krypton and xenon.



Starting with a very brief introduction of the methods used for determination of
various plasma pérameters by means of x-ray spectfoscbpy (Chapter 2), the thesis
continues with a short overview of the investigated items, i.e., the highly charged
ions, with respect to their presence in todays experimental devices (Chapter 3). All
measurements presented in this work have been performed on the Electron-Beam-lon-
Trap (EBIT) of the Lawrence Livermore National Laboratory in Livermore, Califor-
nia. A description of the Livermore EBIT facility is given in Chapter 4 with a special
focus on the properties of the electron beam. | Although this device was developed
only about a decade ago, it has become a corner stone in the highly-charged-ion
physics community. Several benchmark measurements have been made possible by
this outstanding (accelerator—free) fa,éility. The instrumentation used for the spectro-
scopic measurements of the highly charged krypton and xenon emission is discussed
afterwards in Chapter 5, including the low~resoluﬁion broad-band germanium‘detec—.
tors and the high-resolution narrow-band crystal spectrometers of von Hémos and
DuMond geometry. Theé position—sensitive x-ray detector used in context with t_he
von Hamos spectrometer is mentioned in this chapter, too. Chapter 6 presents the
measurements of the n = 2 — 1 transitions in highly charged krypton utilizing the
von Hamos crystal spectrometer. In particular, the wavelengths of the heliumlike
transitions and the innershell excited lithiumlike transitions have been determined.
| Investigation of the dielectronic recombination resonances involving K-shell electron
excitation lead to the identification of the lithiumlike satellite lines in the heliumlike
krypton spectrum. Wavelength determinations are also part of the measurements of
heliumlike and hydrogenlike xenon discussed in Chapter 7. The main focus of this
chapter, however, is devoted to the determination of the electron—excitation cross sec-
tions of the n = 2 — 1 transitions. This measurement required the implementation
of a high-resolution crystal spectrometer in the hard x-ray regime with the special
requirement of high efficiency due to the low x-ray flux provided by EBIT.

The present work demonstrates the feasibility of transferring x-ray spectroscopical



plasma diagnostics to the next-generation plasma devices, which might enter tem-
perature regimes for which no hard x-ray instrumentation has yet been develdped.
Besides the instrumental component the present work also includes measurements
that benchmark the current understanding of the atomic structure and processes

needed for successful application of the spectra to high-temperature plasmas.



2 Plasma diagnostics based on x—ray spectroscopy

The parameters of interest to plasma diagnostics are the particle densities, charge
state distributions, level population densities, the kinetic energies of the particles,
and the radiative properties of the plasma. Generally, all these parameters show a
time dependence and a spatial distribution. Depending on the state of equilibrium
a more or less extensive set of quantities is needed for the characterization of the
investigatéd plasma, i.e., the determination-of the Alﬁlasma parameters.

Various methods are applied for measuring the desired quantities (e.g., |1, 2| )
which, basically, could be divided into intrusive and non-intrusive methods. The
latter is clearly the preferable group since the object of investigation is undisturbed
by the measurement. Spectroséopic diagnostic of the emitted radiation of the plésma
is such a non-intrusive method {3]. In principle, there are three kinds of electronic

transitions which contribute to the radiative appearance of the plasma:

o free—free transitions, where some part of the kinetic energy of the electron is
converted into a photon; These transitions produce a continuous spectrum, the
Bremsstrahlungskontinuum. The total kinetic energy represents the upper limit

with respect to the photon energy.

o the free~-bound transitions, which are indicators of a recombination process.
These transitions yield characteristic edges in the spectra due to the character-
istic binding energy which together with the initial kinetic energy of the electron
is released in form of a photon. The binding energy is, thus, the lower limit of

the characteristic edge.

e bound-bound transitions, which are the origin of the characteristic lines in the

emitted radiation.

The bound-bound transitions contain most information with respect to the plasma

parameters. The energy of the characteristic spectral lines, allows the identification



of the elements in the plasmé, the intensity is proportional to the particle density
and the population density of the upper level, which is a measure of the excitation
stage. The relative intensity of lines emitted by different ion species leads to the
charge state distribution, and the line intensity ratio of lines emitted by the same ion
species is sensitive with respect to the electron density. A very important spectral
property is the line profile, which carries information about the kinetic energy of
the ions? and, thus, is used for the determiination of the ion temperaﬁure. However,
a correct interpretation of the profile has to account for the opacity of the plasma.
Although several models have been developed considering significant re-absorption of
the emitted radiation in the plasma |4], applying spectroscopic plasma diagnostic tools
to optically thin media yields a much higher accuracy with respect to the inferred
plasma parameter. Therefore, it is preferable to utilize the high—energy regime of
the electromagnetic’ radiation, i.e., the x-ray radiation, because most plasmas are
optically thin with respect to high-energy photons. | '

Since the deduction of the plasma parameters depends on line specific quantities,
such as the profile and the intensity of the observed spectral line, a high resolving
power of the spectrometer is of utmost importance for spectroscopic measurements.
The need for well separated lines also favors the investigation of spectra emitted
by few—electron ions. The lon species of choice utilizing x-ray spectroscopy are the

members of the heliumlike isoelectronic sequence due to
e the simplicity of the spectrum emitted by heliumlike ions;

e the high fractional abundance of the heliumlike ion species achievable over a
large (electron-)temperature interval due to the large difference between the
binding energies of the lithium— and heliumlike ground-state electron; The
fractional abundance is also the reason for not focusing onto the hydrogenlike

emission although spectra emitted by hydrogenlike ions would be best suited

2For the sake of simplicity only ions are addressed, which is justified when speaking about the

very high-temperature plasmas.



for line-shape characteristic investigations because of the advanced theoretical

understz-mdihg.

e the requirement of optical thinness with respect to the characteristic emission,

which makes K—shell transitions favorable;

~ Usually, the spectroscopic investigation of plasmas in fusion devices was based on
the characteristic emission of impurities intrinsic to the plasma devices. Advances
with respect to the reduction of irﬁpurities, however, require the deliberate introduc-
tion of trace “impurities”. The use of such seed eleménts has, actually, become the
preferred method because it offers control of the type of element and the amount of
material that should be admixed info the plasma. Thus, the element can be chosen,
that will reach the heliumlike charge state in appreciable abundance at the given
plasma conditions. The freedom of choice regarding the element type also allows the
extension of 'spectroscopic plasma diagnostic tools to the next generation tokamaks,
which may have electron temperatures in excess of 30 keV. Thus, reliable measure-
ments of the central ion temperature in such hot plasmas require trace amounts
of high-Z material in the plasma core region — prime candidates are krypton and
xenon. The characteristic radiation of high—Z elements, however, is part of the hard
x-ray regime and successful implemenfation of thbe diagnostic tools depends on the
~development . of spectroscopic instrumentation applicable to this photon energy.

The ion temperature diagnostic, for example, is based on the measurement of the
Doppler broadening of the spectral line. The measured line profile also contains the
apparatus proﬁl_esand the Doppler profile has to be derived by means of deconvolu-
tion. Calculating the Doppler broadening for a speccfal line AFp an estimate can be
given for the lower limit of the resolving power of the spectrometer ZEE* so that the

deconvolution can be performed quite comfortably, i.e.,

AEp, = E,, \/w (2.1)

T omey?

3All other line broadening mechanisms are neglected for this estimate.

6



E Em
AE = \8W(2) Em 22)

where E,, = mcp? is the total energy of the ion, m the ion mass, c; the speed of
light in vacuum, and Fy, = kg T is the thermal energy of the ion, kg the Boltzmann
constant, and T the ion temperature *. In Figure 2.1 this lower limit of the spectral
resolving power is'displ_ayed in form of a contour plot, including the binding energies of
the ground state electron in lithiumlike and hydrogenlike ions. The plot shows that
spectral resolving power of 1500 allows the detection of 5-keV hot krypton ions or 7—
keV hot xenon ions. The advantage of using xenon is only apparent when extremely
high temperatures are present, i.e., temperatures sufficient to ionize hydrogenlike
krypton (= 18 keV). So far, the observation of the hard x-ray emission of highly
charged ions has been limited to low-resolution spectrometers with resolving powers
of approximately 100, e.g., germanium detectors. In Chapter 5 a transmission—type
crystal spectrometer is introduced capable of high-resolution ‘measurements in the
hard x-ray regime. The measurements performed with this spectrometer (see Chap-
ter 7) demonstrated an improvement of more than an order of magnitude with respect
to the resolving power of germanium detectors and, thus, the feasibility of the imple-
mentation of spectroscopic diagnostic tools for the ion temperature determination in

very high—-temperature plasmas. .

4]t is common practice in the field of plasma physics to express temperatures in energy units and,
therefore using the symbol T instead of E,. Correctly, one should always use the expression kg T,
. - 1 K
where kg is the Boltzmann constant: P 11604.448(99) vk
5 e
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Figure 2.1: Spéctral resolving power reqﬁired for ion—temperature diagnostic. The
values are calcuiated using the Doppler width expected for a given ion temperature
and serve as a lower limit for the resolving power at which the deconvolution of
apparatus and Doppler profile can be performed quite bcomfortably. The dashed
lines mark the energies necessary to remove the lithiumlike ground-state electron
(Eion Li-like), thus, producing heliumlike ions, and the hydrogenlike ground-state
electron (Fj., H-like), thus, fully stripping the ion. The ion mass represents the

average of the naturally occuring isotope abundance.



3 Highly Charged Ions

A definition of highly charged ions is-given in Ref. [5], namely, that ions should
be considered highly charged if the number of the remaining electrons is less than
half the number of protons in the nucleus. According to this definition the first
experimental evidence of highly charged ions by spectroscopic means was obtained
by Edlén and Ericson in 1930, observing the Lyman series of hydrogenlike lithium,
Li?* in a spark source [6]. The emission spectra of various highly charged ions have
been observed in astrophysical plasmas, e.g. the solar spectra [7, 8, 9], and several
laboratory plasmas, such as tokamak plasmas [3, 10|, laser produced plasmas |11, 12|,
and Z pinches [13], since. Besides their application with respect to plasma diagnostics,
spectra of highly charged ions are also a subject of intense research interest from the
atomic physics point of view. Especially the few—electron highly charged ions, e.g.,
the isoelectronic species of hydrogen, helium, and lithium, provide an ideal setting

for testing approaches to solve the many-body problem.

3.1 Atomic physics of few—electron highly charged ions

Already the spectroscopic investigation of hydrogenlike helium, He™ by Fowler [14]
and Paschen |15] has proven a successful guidance of theory demonstrating the fea-
sibility of the Bohr model. The first experimental evidence of ionic line emission
in the x-ray regime by Siegbahn and Stenstréom [16| and of spectra from multiply
charged ions by Paschen [17], and Fowler |18] lead to the discovery of the “irregularen
Dubletts” {19, 20, 21} , and nourished the development of the theory of the finestruc-
ture in the atomic spectra [22, 23, 24, 25, 26] .

Driven by a steady increase in the pre.cision of the experimentally achieved values,
the theoretical treatment of the atomic structure and processes becomes more and
more detailed, and accounts, for example, for relativistic effects, quantum electrody-

namical (QED) effects, such as the vacuum polarization and the self energy, magnetic .



interaction between the electrons, such as the Breit interaction, and nuclear size ef-
fects, e.g. the spaﬁial charge distribution of the nucleus or the spatial distribution of
thé nuclear magnetic moment, referred to as Bohr-Weisskopf effect. Unfortunately,
no analytic solution of the Schrodinger equation can be given for many-body con-
figurations. "In fact, even the analytic solution obtained for the hydrogen atom is,
strictly speakir_lg, an approximation since the Dirac energies are calculated under the
| assumption of a point nucleus, i.e., that the proton does not have a spétial extension
and an internal structure, respectively. Systematic studies of the various contribu-
* tions to the atomic structure and processes lead to the approximate scaling behavior,
i.e., the dependence upon the nuclear charge Z. A comparison of the 7Z scaling for
some characteristic quantities with respect to the atomic structure and processes is

given in Table 3.1.

Table 3.1: Dependence of some characteristic quantities with'respect to the atomic
structure and processes on the nuclear charge Z. The effects with a stronger-than—

quadratic dependence are enhanced in high-7 elements.

Quantity R 7 dependence
Atomic radius | ‘ /A
Dirac energy _ ‘ | 7?
Fine structure splitting - z* *
: Hyperfine structure splitting VAR
QED | 7t
Electron—-impact excitation cross section Z*
Electron—impaét ionization cross section Z™4
Photoionization cross section Z7?

Due to the difference in the Z dependence, high-7Z elements provide a more sensitive

platform for tests of some effects. QED coﬁtributions, for example, scale with higher
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power of Z than the Dirac energies and, thus, the effects of QED are enhanced in the

spectra of the heaviest elements.

3.1.1 Hydrbgenlike ions

The hydrogenlike isoelectronic sequence is without a doubt the theoretically most
accurately described series. The currently most quoted theoretical predictions for the
energy of the n = 1 and n = 2 states in all hydrogenlike ions (1 < Z < 110) are from
Johnson and Soff [27]. The calculations contain three parts, i.e., the Dirac Coulomb
energy, the reduced mass correction, and the Lamb shift. The Lamb shift, originally
defined as the energy difference between the 25,/ and the 2p,, level [28], includes, by
convention [29], all corrections beyond the point nucleus Dirac eigenvalue except the
non-relativistic reduced mass correction and contributions due to the intrinsic degrees
of freedom of the nucleus, e.g., hyperfine structure. The Lamb shift values calculated
by Johnson and Soff, for example, reflect the self energy, the vacuum polarization,
the finite nuclear size, and the relativistic recoil correction. |

The presumed accuracy of their calculated values, e.g., 2.9 ppm for the Ly—-a,
transition energy in Xe®* or 28 ppm for the same transition in U+, has not been
matched with any experimental methods, yet. So far, almost all experimental results
agree with the theoretically predicted values within the uncertainty limits® [30]. Re-
cent Improvements in the determination of the energy levels including second-order
QED corrections [31], however, have shown significant changes with respect to the
values calculated by Johnson and Soff. In case of hydrogenlike uranium, for exam-
ple, the energy of the 1-s level shifted by more than 50 ppm, i.e., almost twice the
uncertainty that Johnson and Soff assigned to their calculated values.

Although, the goal is to “test QED”, most measurements that have shown suffi-

® Actually, about one third of the measured values should disagree according to the definition of the
1-0 confidence limit. The extremely high percentage of agreement indicates a general overestimation

of the uncertainty limits in the experimentally achieved values (Beiersdorfer, private communication).
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clent precision to be sensitive to the QED contributions revealed that for ﬁhe high-7Z
elements the uncertainties are dominated by the uncertainties regarding nuclear prop-
erties, e.g., the nuclear magnetic moment. Therefore. either a reevaluation of experi-
mentally obtained nuclear data is necessary or based on the reliability of the theory of
QED in the low-7% regime, the high-resolution spectroscopy of highly charged high-Z

ions can be used as a new diagnostic tool for nuclear properties [32, 33, 34, 35| .

3.1.2 Heliumlike ions

Spectra of heliumlike ions have been a subject of intense research interest, since these
ions are the simplest of all multielectron systems, and therefore, are an ideal testbed
for developing and impro{}ing approaches to solve the many-body problem and to
account for the electron—electron interaction. Following overview is limited to the
n =.1 and n = 2 levels and, thus, to the four main heliumlike Ka transitions, i.e.,
152piP, — 15218y, 152p°P, — 15215y, 152p3P; — 15215, and 1525°S; — 1s521S,.

Out of the several theoretical predictions for the energy levels in heliumlike sys-
tems, three recently -publiéhéd methods are discussed briefly. The most complete
compilation of the n = 1 and n = 2 energy levels including all elements of the helium
isoelectronic sequence up to Z = 100 is given by Drake |36|. The unified method
which is described in.that paper combines high—precision nonrelativistic variational
calculations with relativistic and quantum electrodynamic corrections. The high—
precision variational result essentially represents the sum of all terms of a commonly
used 1/7 expansion of the energy. Thus, the unified method accounts for all terms
in the first order relativistic corrections regarding the'C’oulomb and the Breit inter-
action between the electrons and the mass polarization. The QED corrections in
Drakes calculations re:present the sum of all “known” one- and fwo—e]éctron QED
corrections of order o3, « being the fine structure constant. The finite nuclear size
corrections in Drake’s calculations have been constructed from the one-electron shifts

tabulated by Johnson and Soff [27|. The unified method also contains a term that
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accounts for the j7 — LS recoupling transformation since the LS coupling scheme
is only appropriate for the low-Z regime. The intermediate and high-Z regime is
better described using the jj coupling. A somewhat improved treatment with re-
spect to Drake’s calculations is given by Plante et al. [37]. Plante et al. present an
all-order many-body—perturbation t:heéry (MBPT) including corrections of order a*.
Surprisingly, the QED effects are excluded in their “all-order” calculations. The in-
stantaneous Breit interaction is treated as a perturbation and a frequency-dependent
correction of the Breit energy is included along with the second-order effect of two
Breit interactions. The mass polarization and QED corrections, however, are taken
from Drake’s calculation and it was shown recently by Persson et al. [31] that those
QED values are not satisfactory for the high-Z regime. A third approach for predict-
ing the n = 1 and n = 2 energy levels in heliumlike -ions has been made by Cheng et al.
using large-scale relativistic configuration-interaction calculations. The calculations
by Cheng et al. , however, include several thousand conﬁgurations. as a basis set for
determination of the eigenvalues and eigenvectors of the Hamiltonian matrix. The
relativistic corrections are treated similarly to the calculations by Plante et al., i.e.,
also accounting for a frequency dependent Breit correction. The QED corrections are
from ab initio calculations of the vacuum polarization and the self-energy in local
central potentials that are screened by the moving electron itself |38, 39].

The differences between those theoretical predictions mentioned above are very
small. Inferring the Ko transition energies from the theoretical energy level values, a
variation of only 28 ppm for the heliumlike krypton transitions energies is obtained
and for the heliumlike xenon transitions, for example, the energy values are separated
by less than 46 ppm. However, the differences increase with the atomic number 7
and, thus, experimental results are necessary in order to guide the development of

accurate theoretical approximations.
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3.1.3 Electron—ion collision processes

In context with the presented measurements, there are mainly three different electron-

ion collision processes that account for the characteristic x-ray emission, i.e., direct

excitation (DE), radiative recombination (RR), and dielectronic recombination (DR). -

A sketch of these three processes is given in Figure 3.1. The x-ray energies emitted
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Figure 3.1: Sketch of some electron—ion collision processes in an energy—time dia-
gram. (a) /shows the direct excitation of a n = 1 — 2 transition in the jon due to
electron impact followéd by radiative decay emitting the characteristic n = 2 — 1
line radiation. The radiative recombination process is sketched in (b). The energy
of the emitted photon is the sum of the kinetic energy of the free electron and the
binding energy of the level onto which the electron recombined. The dielectronic
recombination shown in (c) is a resonant process, where the kinetic energy FEkin
of the electron together with the binding energy Ej that is released due to the re-
combination process matchrthe excitation energy of an = 1 — 2 transition. The
characteristic line emission is slightly different from the DE process due to the re-

combined “spectator” electron. Note, that the energy could be also released in form

of a photoelectron (autoionization).

following a recombination processes, either RR or DR, are higher than the kinetic

energy of the colliding electron. The energy of the emitted characteristic x ray fol-

lowing a DR process is, however, slightly decreased due to the additional electron
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that was gained in the tecombination process. The direct excited line spectrum of
the n = 2 — 1 transitions in a heliumlike ions usually contains several DR lines,
le, n = 2 — 1 transitions from, e.g., lithiumlike ions. Those DR lines, thus, are
situated typically on the low—energy side of the DE transitions and due to the small
energy difference with respect to the overall transition energies these DR lines are also
known as DR satellite lines. The DR resonances are denoted according to the shells
which are occupied in the excited ion, for example, KLL resonance describes the DR
process where a heliumlike ion resonantly captures an electron onto the L-shell with
simultaneous excitation of a heliumlike ground-state electron into the L-shell, i.e.,
15 + e~ — 15252p or 152p2p.

The importance of DR was already discussed by Burgess [40] in the context of
laboratory and astrophysical plasmas. A comprehensive theoretical model allowing
the assignment of all DR lines was given by Gabriel [41]. Gabriel also vincluded a
simple notation for the heliumlike and all lithiumlike KLL resonance lines. The fact,
that there are fourn =2 — 1. transitions and 22 lithiumlike DR transitions motivated
Gabriel to use the alphabet. Therefore, the four heliumlike Ko transitions are named

W, X, ¥, and z. All other letters denote lithiumlike innershell transitions.

3.2 Production of highly charged ions

The occurrence of highly charged ions in various laboratory plasma devices (tokamaks,
high-power laser facilities, Z-pinch devices, vacuum sparks) was already mentioned
at the beginning of the chapter. Additionally, there is a set of experimental facilities

especially designed for the production of highly charged ions:

e Electron Cyclotron Resonance (ECR) sources [42|; The source of the highly
charged ions is a magnetically confined plasma which is resonantly, i.e., in
resonance with the electron cyclotron frequency, heated by microwaves. The
gyrating electrons gain sufficient kinetic energy that an ionization takes place

upon collision with a neutral or ionized particle in the ECR plésma.
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" o Heavy-ion storagé rings — beam—foil spectroscopy [43]; A thin foil is pfepared
as a target for an accelerated ion beam. Upon penetration through the foil the

fast ions are stripped.

e Electron Beam lon Sources (EBIS) [44]; An electron beam with a high current

density is sufficiently accelerated for ionizing the magnetically confined ions. -

e Electron Beam lon Traps (EBIT) (see Chapter 4); In principal, the same as an
EBIS but with a better and spatially shorter ion confinement.
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4 The Livermore Electron Beam Ion Trap Facility

The design of an Electron Beam Ion Trap (EBIT) is based on the layout of an Electron
Beam Ion Source (EBIS) but it has a much shorter drift tube® region, in particular
about 2 ecm which is more than an order of magnitude smaller than the typical length
of axial confinement in an EBIS [44]. With the shorter trap region most instabilities
‘of the ‘electron beam can be avoided and the trapping time of the ions can be increased
up to several minutes or even hours [45]. Due to this increase in confinement time
1t is possible to reach much higher charge states in an EBIT than in an EBIS. Even
bare uranium ions (U%**) have been produced and trapped at the Livermore EBIT
facility [46]. Currently, the LLNL EBIT facility has two fully operational machines,
EBIT, also known as EBIT II, and'SuperEBIT which is a high-energy upgrade of the
original EBIT I device. The main difference between EBIT and SuperEBIT is that
the latter is capable of employing a higher electfon' beam energy. A more detailed
discussion about the differences between EBIT and SuperEBIT is given below. A
third machine, an intense EBIT (IEBIT) which has been designed by Marrs et al.
[47] is currently under construction.

The major components of an EBIT are the electron beam optics (axial and radial
steering elements, i.e., electrostatic and magnetic components, respectively) and the
injection systems for ions, atoms, and molecules. A schematic outline of the main
features is shown in Figure 4.1 (page 18). The following sections give a brief descrip-
tion of these components and the requirements in respect to the vacuum system and
the cryogenics. Furthermore, a short introduction to the different modes of operation
regarding the electron—beam energy is given and the main differences between EBIT
and SuperEBIT are discussed. At the end of this chapter an attempt is made to give
an overview of the status of all the EBIT facilities which have been built in the mean

time emphasizing the success of this extraordinary tool for atomic physics and related

fields.

5The drift tubes are the electrodes responsible for axial confinement of the ions.
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Figure 4.1: Schematic outline of the main components of EBIT. A detailed descrip-
tion of the labeled components can be found in the various sections of this chapter.
The labels ¢, m; and b denote the top, middle, and bottom drift tube.

4.1 Electron beam optics in an EBIT

4.1.1 Electric fields — electron beam production and acceleration
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4.1.1.1 Electrpn gun

The source of the electron beani is a Pierce-type electron gun’. A cross section along
the optical axis is pictured in Figure 4.2. The spherical geometry of the cathode,
which measures 3 mm in diameter, produces a focal spot of the emitting electrons
which is almost an order of magnitude smaller than the diameter of the cathode
itself, in paxticulaf, 360 um [49]. The focus electrode is necessary to compensate the
“missing” electrostatic field due to the fact that the concave surface of the cathode
describes only part of a sphere. The smallest aperture of the electron beam, however,

can only be obtained if no magnetic field is present (see also Section 4.1.3.1). The

Anode
Al

Uz

Focus

D]Wi]—- Cathode

Figure 4.2: Axial cross section of the Pierce-type electron gun. The cathode is
3 mm in diameter and has a spherical shaped surface. The field of the focus elec-
trode guides the emitting electron towards a 360-um wide focal spot. The electron
beam current is controlled by the potential difference between Anode and Cath-
ode, assuming space charge limited oberation. The electron guns used in EBIT and

SuperEBIT have a perveance of about 0.6 uperv, see eq.(4.2).
electron guns are equipped with a dispenser cathode which consists of a tungsten
substrate and a barium layer. The barium diffuses into the tungste‘n and lowers the
electron work function of the cathode material, i.e., the minimum electron energy
necessary to escape from the cathode. In particular, the work function of tungsten
is i = 4.53 eV. For a tungsten—barium mixture it is reduced to Pw g, = 2.00 eV

(values taken from Ref. |50]). The drawback of using barium is the fact that is easily

"Named after J.R. Pierce, see also Reference [48]. The electron guns employed at the EBIT
facility are commercially available at Raytheon Manufacturing Company, Waltham, MA. This type

of electron gun was originally designed for use in microwave tubes.
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oxides, which makes it necessary to keep the whole electron gun assembly under
vacuum or in an inert-gas environmens.
The maximum current density j which can be extracted from metallic surfaces can

be expressed by the Richardson-Dushman equation [51, 52),
j= AT? %1 | (4.1)

T is the temperature of the filament, ® the work function, and & the Boltzmann
constant. In the original work by Dushman {52] the constant A is called the universal
emission constant and is equal to 27 k*m.eh™ = 60.087(1) H‘_;%’K‘f, where me is the
electron rest mass, e the elementary charge, and h the Planck constant. The number
in parentheses is the uncertainty in the last digit®. Later, experimental evidence was
obtained that the constant A also depends on the cathode material®. Table 4.1 shows
the sensitivity of the maximum current baseci on thermionic emission in respect to
the cathode temperature and the work function. -

- However, the saturation gurrent density at a given cathode temperature can only
be achieved if the electric field strength in frdnp of the emitting surface is high enough
to extract all the emerging electrons. Otherwise the space charge of the emitted but
not extracted electrons increases the work function and, thus, lowers the saturation
limit of the emission current density. In the space-charge ]irhited regime the current
density s, according to Child~Langmuir law |54, 55, 56|, proportional to the electron
acceleration potential to the power of % (U %, with U being the acceleration po-
tential). Hence, for electron guns operated:in the space-charge limited regime the

“electron—beam current only depends on the anode thential. The proportionality be-
tween the beam current /, and theJanode potential U, more specifically, the potential
difference between cathode and anode, is defined as the perveance,

pt @)
Uz
8For values and uncertainties of physical constants please see Section A (page 194)
9Sometimes, a separate factor is used to incorporate the material dependence, i.., eq.(4.1)

changes to j = AG T2~ %% . For most metals the factor G equals 2.
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Table 4.1: Maximum thermionic emission current with respect to the cathode tem-
perature T and work function ®, according to eq.(4.1). For a barium impregnated
tungsten cathode the constant A is equal to1- mnﬁKZ (Ref. [53]). The cathode
area of the electron guns used at the EBIT facility is ~ 7.1 mm? and about 3 to 4
Watt ohmic heating is applied to achieve cathode temperatures around 1300 K to
1400 K.

T kT I (mA)

K eV & =206eV &=201eV ®=196eV
1300 0.1120 123 - 193 301
1350 0.1163 263 404 621
1400 0.1206 532 805 1219

The perveance P depends on the geometry of th.e whole electron-gun assembly, the
material and surface structure of the cathode, and may also include parameters spe-
cific to the whole experimental setup, e.g., type and pressure of the rest gas in the
evacuated electron-gun housing. The definition of the perveance, however, is inde-
pendent of any specific type of electron gun. Therefore, the perveance can be used to
characterize all kinds of charged particle sources. Commonly used units for the per-
- veance are perv, p, and \% (lperv=1p=1 —\%) According to eq.(4<2‘) perveances
in the order of 0.7- 1075 perv = 0.7 uperv for EBIT and 0.6 pperv for SuperEBIT are
obtained for typical operating parameters (/ = 200mA, U = 4.2kV for EBIT and

1 =250mA, U =5.5kV for SuperEBIT).

4.1.1.2 Trap and Collector
After leaving the anode the electrons are accelerated towards the transition electrode
and then towards the trap region, which consists of three electrodes, referred to as

bottom, middle, and top drift tubes. The transition electrode, located between the
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anode and the bottom drift tube, allows the adjustment of the gradient of the accel-
erating field seen 'by the electrons and, thus, allows for a smooth “transition” from
the electron gun to the trap region. The drift tubes provide the electrostatic trap
for the ions in axial direction. The special geometry 6f the drjft tubes, displayed in
Figure 4.3, creates a short potential well with a very flat bottom along the spectro-
scopically accessible height of the trap and steep constantly sloping sides. The short
length of the well is important to gain high ion densities and the flat bottom ensures
an equal density distribution in axial direction. The potential outside the well has
decreasing slopes in both directions due to the change in diameter of the top and
bottom drift tubes. Th'is makes 1t easier for very hot ions to escape which improves
the so called evaporative cooling (more in Section 4.4). o

After passing the top drift tube the electrons are deceierated and hit the collector. -
Deceleration reduces the hardness of the Bremsstrahlung and the heat load onto the
collector electfode. An additional electrode, the suppressor electrode, is installed -
between the top drift tube and the collector. This electrode prevents secondary
electrons sputtered from the .collector from reaching the drift tubes. A sketch of -
the potential distribution along the electron~beam axis can be found in Figure 4.15,

page 60.

4.1.2 Magnetic fields

Along the drift tubes a high magnetic field is applied parallel to the electron beam
axis, compressing the electron beam to a diameter of 50...90 um 49, 58]. The mag-
netic field is provided by a set of niobium-titanium’® coils in Helmholtz geometry
which are operated in superconducting mode. At a current of 160 Ampére they cre-
ate a magnetic field of about 3 Tesla varying less than 0.02% in axial direction ovef the
length of the trap. The straightness of theA magnetic field lines is better than 3 mrad

along the trap region, i.e., the lateral deviation is less than 75um along the 25-mm

19T he critical temperature of the alloy Nbg g Tig4 is T, = 9.8 K [59].
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Figure 4.3: (a) Axial cross section through top, middle, and bottom drift tubes
(DT). The axial potential well — calculated by Dave Vogel [57] — is displayed
together with the drift tube radius for (b) the tapered drift tube design, and for
(c) drift tubes of uniform cross sections, i.e., uniform radius. The gaps in the
graphs visualizing the drift tube radii represent the separation between the drift

tube electrodes.

long middle drift tube. However, there are two areas where no magnetic field should
be present. First, the collector, where a magnetic field would prevent electrons from

spreading in radial direction towards the collector electrode, and second, the electron
gun, where a magnetic field would cause é spatial broadening of the electron beam.
For both elements additional electromagnets are installed to compensate for the stray
field from the superconducting magnets. In particular, these are the collector mag-
net which surrounds the collector and the bucking coil surrounding the electron-gun

region. Since the position of the focal point of & Pierce-type electron gun debends on
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the anode potential, which controls the beam current, the magnetic field of the buck-
ing coil has to be édjusted accordingly. Depending on the scope of the measurements
it vcould be sometimes desirable that the magnetic field at the electron—gun céthode
is not completely shielded. In such an environment the electrons emitted from the
cathode are immediately bound by magnetic field lineg and the electron beam flow
approaches laminarity. When a magnetic flux is allowed at the cathode, an increase
in the total magnetic field would be required to confine the beam within the same
- radius as in the case of the shielded cathode.

Fine tuning of the total magnetic field along the electron beam path is made
possible by several steering coils. Those coils create magnetic ﬁelds perpendicular to
the electron beam axis and transport coils with a magnetic field vector parallel to the

electron beam.

4.1.3 Electron beam energy

The electron energy at the trap region is mainly deterlxliﬁed by the potential difference
between the cathode of the electron gun and the middle drift tube. A slight reduction
is caused by the space charge of the eléctron beam itself, which besides lowering the
beam eﬁergy, also causes an energy spread. The magnitude of the space charge
depends-on the spatial compression of the beam- caused by the magnetic field. The
compression also increases the thermal motion of the electrons. Knowledge about the
electron beam geometry is, thus, crucial for the determination of the actual electron

' beam energy.

4.1.3.1 Beam radius

Several experimental studies about the dynalﬁics of electron beams have shown that
electron beam flow, especially from magnetically shielded cathodes, is highly nonlam-
inar 60, 61, 62, 63]. The most suggeésful theoretical approiimation describing the

behavior of cylindrical electron beams including the thermal motion of the electrons is
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1

Herrmann’s so called optical theory'! [62]. Assuming a Maxwellian velocity distribu-
tion for the emitted electrons, the distribution for transverse thermal velocities, i.e.,
parallel to the cathode surface, follows a Gaussian function with a standard deviation
Oy = \/ kT /m., where k is the Boltzmann constant, 7" the temperature, and m, the
electron mass. Herrmann divides the electrons into two different groups, non—thermal
electrons, which leave the cathode perpendicular to its surface, and thermal electrons
which have some momentum parallel to the surface of the cathode. The location of
the non—thermal electrons is characterized by the radius 7. describing the envelope
of aH non—-thermal trajectories. The motion of the thermal electrons is characterized
by the standard deviation o,. The overall beam envelope, i.e., the beam radius, is
a superposition of non-thermal and thermal trajectories. Thus, at any given point
along the beam axis the transverse cross section shows a Gaussian charge density
distribution with the standard deviation o,. An effective beam radius is introduced
in the form r? = r.2+20,2. This definition of effective beam radius does not represent
the actual beam boundary but a rather artificial magnitude enclosing about 63.2%
of the electrons. This is the fraction of the volume underneath a radial Gaussian
function!? within a radius of v/20. In a uniform magnetic field parallel to the beam
“axis and in the absence of outside electric fields, the equation of motion can be solved
analytically and yields a time dependent function for the effective Beam radius. At
any given point along the axis the beam oscillates about an equilibrium effective beam

radius 7y, which is determined by the equation

2kTr 2
(ergz)2 =  Kry’+ k ; + (wL,crcz)Q
B B,
with Wy = ;m y WLe= ;m y (43)
and K= —
2mEgMV

1 The trajectories of the electrons are assumed subject to the laws of geometrical optics of ideal

optical systems.
12The volume V within the radius r of a 2—dimensional Gaussian function with the standard

deviation o is: V(1) = Vipea I:l - e_’2/(2"2)].
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 The symbol e is the elementary charge, m. the electron mass, &£ the Boltzmann
constant, 7" the témperature, €p the permittivity of vacuum, and B the magnetic flux
dehsity of the uniform field. The subscript . denotes quantities at the position of
the cathode. The quantity wy is the Larmor frequency which describes the rotation
of the whole beam about the beam axis [64, 65] (see also Section 4.1.3.5. Under
the assumption that the axial velocity of the electrons is independent of the radial

distance a solution of eq.(4.3) with respect to 7o can be given in following form:

A, ‘ 4.4
"o TegveB? megve3? e2 B2 B2 (4.4)

. '}718] \k mel )2 SkTmerC2+B§TC4

For a description of the symbols refer to eq.(4.3). In a paper by Amboss [66] demon-
strating the feasibility of magnetic compression of an electron beam it was stated
that Herrmann’s optical theory was satisfactory only in the low-perveance regime,
i.e., for electron guns with a perveance below 0.1 uperv. Therefore, Amboss devel-
oped a seniiempirical theory based on a perturbation of the non—thermal paraxial-ray
éqﬁation. Unfortunately, he failed to givé a better suited formula for the calculation
of the beam radius and, thus, uses eq. (4.4): himself 3.

According to eq.(4.4) the radius ry is a minimum for a completély,magnet.icall‘y
shielded cathode (BC = 0T). The theoretical minimum is obtained for B, = 0T
and T = OK, ie., the perfectly-shielded non-thermal case. This minimum radius is
known as the Brillouin radius 75 and is equal to |

Tp = \/;% : (4.5)

In the non-relativistic regime the speed of the electrons is equal to ,/%Q U being

€0’

the potential difference between the cathode and the position of interest along the

beam axis. The symbol m., denotes the electron rest mass. Thus, eq.(4.5) modifies

13 Note, that eq.(2) in Amboss’s paper [66] lacks of the electron-mass factor in the thermal part of

the equation and that his reference to eq.(3) in Herrmann'’s paper [62] should correctly state eq.(31).
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2me0 1/2 Meo 1/4 11/2
"B = (weoe) (2@ ) BUY4
Il/2 :

K —
BUA

pm T kvV/4
lA1/2

em T kV1/4
A1/2

Note that at an electron energy of about 30 keV, the difference between relativistic and

Il

with K 4.6686598(24) -

= 0.01476360(1) -

non-relativistic treatment of the electron velocity is already 4.4% . When accounting

for relativistic effects the electron speed and electron mass have to be calculated using

2
MeoCo? ‘
= 1-— , 4.7
v cg\[ (mEDCo2+eU> (4.7)

(see also Appendix B).

Instead of the Brillouin radius 75 one can also define the Brillouin field B 5 as the
magnetic field necessary to compress the electron beam to a given radius r assuming
that the electron trajectories would follow a laminar flow model. According to Ashkin
|60} the Brillouin field is of importance as a measure of decision. In particular, Ashkin
shows that Herrmann’s optical theory is applicable if the magnetic field applied for
the beam compression is at least three times the magnitude of the Brillouin field.
Modifying eq.(4.5) yields:

Bp= |2l (4.8)

MEQUETH?
Using following parameters, i.e., ‘I =130mA, U = 10kV, r, = 21.7 4+ 2.0um, v =
7.75- 107 ~ 0.26¢ (see eq.(4.7)) for EBIT™, and I = 230mA, U = 136kV,
g = 3728 £0.55um, v = 1.84 - 10° % ~ 0.61 ¢y for SuperEBIT, the Brillouin field
is: Bp =1.240.1T for EBIT and Bg = 0.68 + 0.01 T for SuperEBIT. The magnetic

"“The value 7y = 21.7 + 2.0 pm is taken from a beam-radius measurement which, actually, was
performed at the original EBIT I device [49]. The result of that measurement, r, = 27.5 + 2.5 um,
was divided by the factor vIn 5 in order to represent the effective beam radius (see also page 30).
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flux density applied is about 3 T. Thus, the conditions in the SuperEBIT device clearly
meet — according-to Ashkin — the requirements for applying Herrmann’s theory. In
the case of EBIT the compressing magnetic flux density is a little less than three times
the magnitude of the Brillbuin field. However, showing that the magnitude of the
compressing field is roughly three times the Brillouin field is completely satisfactory
for these estimates since the parameters beam current and acceleration voltage are
vary according to the experimental requirements. |
An overview of the impact of the various paramete;s on the beam radius is dis-

played in Figure 4.4 in the form. of a multi—pérameter plot. The calculation of the
beam radius in this Figure is based on eq.(4.4) and a comparison between relativistic
and non-relativistic treatment is given. The determination of the equilfbrium ef-
fective beam radius defined by Herrmann’s optical theory does not include any radial |
dependence of the axial electron velocity (see éq.(4.3)). Measurements on the velocity
distribution in cylindrically symmetric electron beams, however, have demonstrated
that the axial velocity of the electrons does depend on the radial distance [61, 60].
A qualitative and quantitative description of the radial profile of the axial electron
velocity is given in Section 4.1.3.5. |

“Measurements of the beam diameter at the middle drift tube were performed by
imaging the beam in the x-ray band, i.e., utilizing the x-ray emission of the electron—
impact excited ions trapped by the beam. Thus, not the actual electron beam but
the beam—ion overlap was imaged. The geometry of these measurements involved
a narrow slit and a position sensitive detector with a spatial resolution of about
250;)m. A 50-fold magnification was obtained. The beam radii 7, inferred from
these measurements are 27.5 & 2.5 um [49], and 47.3 £+ 0.7 um [58], respectively. The
first measurement which employed a 9-um wide slit was performed on the EBIT 1
device (see page 17). Although, this result was obpained at EBIT 1. it is used as a
guidance for the magnitude of the beam radius of the current EBIT (EBIT 1I), since

the design of both devices is very similar. The second result, i.e., r, = 47.3 £ 0.7 um,

28



44 'l v ¥ L ] l L 1) T T ' L) L) T i l L) L) 1 4 ‘l l 1 L 3 L) ¥
- classic

42 - relativistic

Beam Radius (um)

30|...l.n|.l.-..I...||....
0 50 100 150 200 250

X (mA, kV, 10K, 0.02T, 0.01mT)

Figure 4.4: Dependence of the effective beam radius in the domain of various
parameters. In particular, beam current I, acceleration potential U, magnetic flux
density of the uniform magnetic field compressing the beam B, magnetic flux density
at the cathode B, and temperature of the cathode T. While varying one parameter
all other parameters were kept at following values: I = 230 mA, U = 136 kV, B =
3T, B. =0T, and T = 1400K. The beam radius is calculated using eq.(4.4). The
axial velocity of the electrons is considered to be independent of the radial distance.
Note that the abscissa incorporates various parameters and thus conversion factors

have to be used as indicated in some cases.

was obtained at SuperEBIT using a 7-um wide slit.

The beam radii were determined taking half of the full width at one fifth of the
maximuin (FW%M) of the fitted Gaussian function, which equals 2v/2In50, . Thus,
the measured beam radius 7, encloses 80.0% of all the electrons in the beam (see

footnote 12 on page 25). The definition of the effective beam radius ro calculated
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with eq.(4.4) is, however, 79? = 1.2 + 20,2, ie., 79 = V20,. The effective beam
radius, thus, only encloses 63% of all the electrons and the measured values have to
be divided by the factor vIn 5 in order to represent the effective beam radius. The
measu:ed values for the effective beam radii (19 expr) are 21.7 £2.0 um at EBIT I, and
37.28 ﬂ:O.SS pm at SuperEBIT, respectively. A comparison between the measured and
the calculated values is given in Table 4.2. Since neither the cathode temperature nor
the ma‘gﬁetic ﬂux density at the cathode have been measured, an adjustment in the
calculated values can be maae by variation of thé;é:é;vo quantities. Within a temper-
ature range of 1300 K to 1400 K, agreement between the measured and the calculated
valqe's can be achieved by adjusting thé magnetic flux density at the cathode from
0.4 mT to 0.6 mT. In the case of the EBIT I measurement, however, no agreement
was found by adjustment of either the temperature or the magnetic flux density. The
‘calculated value always exceeds the measured value, even in the ideal case of no mag-
netic flux at the cathode surface and the lowest possible temperature which would
allow electron yields of 130 mA, i.e., T = 1250 K (see Section 4.1.1.1). One should
keep in mind, though, that eq.(4.4) does not account for a radial dependence of the
axial electron velocity and, thus, the calculated values only serve as an estimate of

the effective beam radius.

4.1.3.2 Electron density

The number of electrons in a given volurhe of the electron beam depends on the beam
current, on the compression of the beam, and the velocity of the electrons. Under the
assumption of a constant beam current and beam energy within a cylindrical volume

]

V', the average electron density 7. in this volume is given by

e R N

MNe = ~—73 = - — = .
eV  eAvt wriev

(4.9)

@ denotes the whole charge in the cylindrical volume, ¢ is the elementary charge, 1
the beam current, r the radius of the cylinder, v the speed of the electrons, and ¢ the

time. Thus, within the measured beam radius p, which encloses 80% of all electrons,
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Table 4.2: Calculated values of the effective beam radius ry utilizing eq.(4.4). The
parameters used for the calculations are listed in the top section of this Table. The
calculated values should be compared to the beam-radius measurements performed
at EBIT I [49], which resulted in a value of 27.5 + 2.5 um, and SuperEBIT [58],
where the measured beam radius was 47.3+0.7 um. The measured values represent
the radius which encloses 80% of all electrons and, thus, have to be divided by the
factor vIn5 for comparison with the effective beam radius, which encloses 63% of
all electrons. Cathode temperature and magnetic flux density at the cathode have

not been measured and, thus, are adjustable parameters for the calculation.

Parameters used for calculation

I U v. B 7 T0,expt

mA  kV Co T mm pum
EBITI 130 180 0259 3 15 217420
SuperEBIT 230 1360 0613 3 15 37.28+0.55

EBIT I - SuperEBIT
B. T 7gcae B, T 7gcal
mT K pm mT K (m
0.0 1250 34.15 0.0 1350 36.48
04 1400 3562 04 1400 37.26
0.6 1300 35.69 ' 0.6 1300 37.20

the average electron density is

n : (4.10)

e
2
T2 e \/1 - mgggggeu)
The electron speed v is substituted using eq.(4.7), where U denotes the potential

difference between the electron—gun cathode and tfle middle drift tube where the
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beam radius 7, has been measured. At a potential difference of U = 136 kV, é beam
current of 7 = 230 mA, and a beam radius of r, = 47.3(7) um, the averagé electron
density is 7, = 8.89(25)-10* cm™3. Equation (4.10), however, only allows to estimate
an average charge density, i.e., the charge density for a homogeneous distribution of
the electrons. The actual density distribution is determined by the distribution of the
transverse thermal velocities of the electrons which follows a Gaussian function (see
Section 4.1.3.1). Electrons emitted from any particular point at the cathode spread |
out according to their transversal velocities ahd, thus, produce at every transverse
cross section of the beam a Gaussian charge distribution. Assuming only a radial
dependence of the charge density, the Gaussian electron density distribution n, can
be written lin the form | :

ne(r) = Neg e—i;f ) | : (4.11)
The quantities nep and o, are implicitly defined by the measured beam radius 7y

~ which encloses 80% of the total charge. In an explicit form heo and o, are:

2

o = T
2In5 (4.12)
IInb

Neg — > .
Trylev

Comparison between the homogeneous and the Gaussian: distribution. shows that
neg = 27.. In particular, given the same parameters as above the electron den-
sity in the center of the beam is n., = 1.788(50) - 102 em™?., Along the measured -
beam radius the electron density dropped to ne(ry) = %neq = 3.58(10) - 10% cm=>,
where 1, = 47.3(7) pm.

The broad range of applicable beam currents and electron energies in EBIT and
SuperEBIT allows to vary the electron density in the trap region from about 10*? cm™3
down.to 10° em™2 and, of course. less. The lower limit of 10° ecm™2 rather reflects

a practical than technical limit, since a minimum electron density is necessary for

successful competition of the electron-impact ionization with atom-ion or molecule-
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ion charge exchange processes’®

. The lower the electron density, the smaller the
fraction of high charge states achievable in the trap, and fhe lower the electron—
impact excitation rate for these ions. Thus, the flux of the emitted x rays strongly
depends on the electron density in the trap. Moreover, the electron density is also
the base for the space charge of the electron beam which is responsible for the radial

trapping of the highly charged ions.

4.1.3.3 Space charge
Assuming stationary conditions, the electric field strength and, thus, the potential

can be calculated using the law of GauB, i.e.,
F.ai=-% , (4.13)

where F denotes the electrical field strength, A a closed surface with the surface
element dA pointing away from the enclosed volume, Q the total electrical charge in
the from A enclosed volume, and ¢, is the permittivity of vacuum. A closed surface
integral over a vector field can be expressed as a volume’s integral -over the divergence
of this vector field and substituting the electric field by the gradient of the potential

allows to modify eq.(4.13) into the Poisson equation. In particular,

ﬁE«dA‘ — /de'v : EdV:/vV % (4.14)
Q = [ pav | (4.15)
V-E = V. (-VU)=-V*U  (4.16)
VU = AUz—é, | (4.17)

where the symbol A denotes the Laplace operator, A =V - V.
- The easiest approach is to consider the beam as an infinite cylindrical column of

radius R, with a homogeneous charge density. The electrical field strength for such

15Charge exchange between a highly charged ion and another ion is very unlikely in an EBIT due

to the low kinetic energies of the ions and the strong Coulomb repulsion.

33



a column is

= ' Ir 7

E(|f] < Rey) = ‘W g (4.18)
z dicy

- ! T

E(|M > Reyt) = “omesoir 7 (4.19)

With I being the electron beam current, r the radial distance, and v, the component
of the electron velocity parallel to the beam axis. The electrical field vector points
towards the center of the electron beam. Extracting the potential from these equation

~and choosing the drift tube wall as the point of zero potential, i.e., U(Rpr) =0V,

gives
I r\? Ry \2
< ¥y .
U(r < Rey) e (Rm)<+m<3m) @ (4.20)
and
Ulr> Roy) = ! ln( r )2‘ | (4.21)
"= . Wl o= 4760 V., RDT ’ '

as solutions for the potential inside and outside the homogeneously charged infinite
cylinder. Table 4.3 lists some results for EBIT and SuperEBIT utilizing these equa-
tions and includeé the parameters used, i.e., beam current, acceleration potential,
and measured beam radius. The-radial dependénce of the space charge potential is

depicted graphically in Figure 4.5. From Table 4.3 it can be seen that the potential
| i 18151 £3.1V
- for EBIT and 11.2 £0.7 V for SuperEBIT. Thése values represent the energy spread of

difference between the center of the beam and the beam edge, Up r
those electrons which interact with the trapped ions since the beam radius measure-

ment is based on the image of the ion-electron-beam overlap. For classic treatment

- of the electron velocity this beam center to beam edge space charge potential can be
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expressed in analytic form, i.e.,
I Meg 1 1
Uo,rey = Uscet = ey, V 2e UV2 Km
: \/3/2
‘ kv3/2

= 0.47919884(32) —

To include relativistic effects an additional factor, A,, is required which expresses

the relative difference between the classic and relativistic treatment of the electron

velocity (see Appendix B, eq.(B.6) on page 196)
Usc,rei - Usc,cl (1 + Av) . ' (423)

The increase of the beam center to beam edge space charge potential due to relativistic

effects is 2.6% for an electron-beam energy of 18 keV and 19% for an electron—beam

energy of 136 keV.
However, as shown in Section (4.1.3.1) the beam profile is of Gaussian nature
with respect to the charge density distribution. Solving eq.(4.13) and (4.17) using an

electron density distribution according to eq.(4.11) yields
g €02 (7).

EB(r) = - €gT T
T2 ~
I (e“?' e _ 1) T (4.24)
2mepv, T ] r
for the electric field sfrength and ‘
o —111{) RDT2 m 7’2 "
Ulr) = Z - K 2 ) - (m? (4.25)

47r €0Vz 7
for the radial space charge potential. The result of applying these formulae is given in

Figure 4.5. Some calculated values for the space charge potential are explicitly listed

in Table 4.3. Using the Gaussian electron density distribution model the potential
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difference between the beam center and the distance R, which defines the edge of
the beam for the‘homogenous electron density model is 19.9 2.7 V for EBIT and
15.0 & 0.6 V for SuperEBIT, i.e., more than 30% higher than for the homogenous

‘ model.

Table 4.3: Some calculated values for the radial space charge potential U, of
the electron beam using eq.(4.20), (4.21), and (4.25). The parameters used for
these calculations are listed in the top section of this Table. The quantity 7} is
the measured beam radius which includes 80% of all beam electrons, and Ry is
‘ the radius of the beam edge assuming a homogenous electron density distribution
(cylinder model). The electron velocities v were calculated using eq.(4.7) and are

listed as fractions of the speed of light in vacuum cy.

Parameters used. for calculation
I | U. Ty Ry v
mA kV (m fm . Co
EBIT 13041 18.040.1 275425 30.8+2.8 0.2586+0.0014
SuperEBIT 23041 136.04+0.1 47.3£0.7 52.9+0.8 0.61337+0.00045

Space charge potential
EBIT SuperEBIT
T Use/ V R Us | V
mm Homogenous Gaussian Homogenous Gaussian
0.0 -168.5+3.1 -172.74£2.7 -113.5+0.7 -116.6+0.6
s -156.54£3.1  -155.14£2.7 -104.5+£0.7 -103.6£0.6
R, -153.44£3.1  -152.842.7 102.3+0.7  -101.640.6
05 694408 694406 518405 517404
L5 363107  -36340.6 271405  -27.140.4.

Due to the different radii of bottom, top and middle drift tube the electron beam

\
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Figure 4.5: Dependence of the space charge potential of the electron beam on the
radial distance from the beam axis for EBIT and SuperEBIT. The plot represents
‘the results obtained by assuming that first, the electron beam were a homogeneously
charged cylinder (see eq.(4.20 and 4.21)) — dash—dotted lines — and second, the
electron beam profile were of Gaussian nature regarding the electron density (see
eq.(4.25)) — solid lines. The parameters used for calculating the space charge

potentials are listed in Table 4.3 (page 36).

creates a space charge potential also in axial direction. This axial space charge po-
tential allows to trap ions axially without applying any voltage, or trapping potential

to be more specific, onto the drift tubes themselves. For simplicity the following
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_derivation of the axial trapping petential due to the geometriéaﬂ properties of the
drift tubés is based on the assumption that the beam is a homogeneously charged
cylinder. Considering the electron beam surrounded by cylindrical drift tubes of dif-
ferent radius, as pictured in Figure 4.6. Since the potential along the edge of the
electron beam has to be constant — otherwise the electrons could gain kinetic energy
although no additional energy is fed into the system — the beam radius hasl to change

when the radius of the surrounding drift tube changes. The “new” beam radius can

— b .rtop

( a ) ,/E'Iectron Beam ( b ) ‘

top DT

N\

& 7. middle
g : l Dnr

Rmi

A\

i
N

Figure 4.6: Sketch of the geometric properties for the case that the electron beam
passes through drift tube sections of different radius but constant potential Upr.
The potentials at the beam edge U, and in the center of the beam U, have to be
constant as discussed in the text. If the beam radius were to stay constant, (a),
energy could be generated by moving a charged particle along the loop I without
feeding this energy into the system. Thus, the beam radius has to change, (b), which
creates a potential gradient in axial direction. The potential difference between the

points A and B depends on the radial distance.

be calculated using eq.(4.20) or eq.(4.21). For the notation refer to Figure 4.6:
(4.26)

Moving along a path of constant radial distance, i.e., parallel to the beam axis, the
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axial space charge potential can be estimated as follows.

I L/ 1Y 1\2 |
< - — ) - .
Ur < Teop) ety K%) (Tm_d) N
I r\? r \?
Ulriop <7 < Tipia) = Trero [In (£> - (Tm‘) +1 (4.28)
and |
» . v o .
mia <T) = “ Y .
U(Tmia < 1) ye— In (pr ) # fet(r) (4.29)
(4.30)

Thus, qualitatively, the radial dependence of the axial space charge potential is of
quadratic nature from the beam center to the narrowest beam radius, shows a log-
arithmic dependence between narrowest and widest beam radius, and is constant
outside the widest beam radius. As seen in Figure 4.3, the bottom and top drift
tubes have a tapered geometry. Next to the middle drift tube the inner tube diame-
ter is 10 mm, after 5 mm in axial direction this diameter narrows abruptly to 3 mm,
and then widens smoothly to about 16.4 mm. Thus, the difference between the space
charge potential at the middle drift tube region (10 mm diameter) and the top (or
bottom) drift tube has been calculated as a function of the axial distance, where the
narrowest part of the top (or bottom) drift tube, i.e., the{ 3-mm radius bottle neck,
was taken as the origin with respect to the axial distance z. The result of these
calculations of the potential difference in axial direction is shown in the Figures 4.7
and 4.8. Using the beam parameters listed in Table 4.3 the highest values for the
axial space charge potential, obtained with eq.(4.29), is 36.2 V for EBIT and 27.0 V
for SuperEBIT. Note, that these results can only be used as estimates of the axial
potential barrier seen by the trapped ions, since the model applied, first, is not able
to describe the actual region of change in the drift tube diameter, and second, does
not include the effect of magnetic fields on the change of the‘beam radius.

In all cases, however, the radial trapping potential was modeled under the absence
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Figure 4.7: Difference between the radial space charge potential at various positions
along the top (or bottom). drift tube and the radial space charge potential in the
middle drift tube region for SuperEBIT (a) and EBIT (b). Note that the graphs
display a potential difference and not the overall radial space charge potential! Plot
(c) shows the radius of the top (or bottom) drift tube with respect to the axial

distance z.

of ‘any ions. The compensation of the space charge potential due to the positively
charged ions can be accounted for by an additional factor (1 — f), where
="t o (4.31)
Te
i.e., the ratio of positive to negativé charges within the electron beam volume of in-
teresf. Practically, the space charge compensation factor S can obtain values between
zero and one depending on the operating parameters of the EBIT devices. For f val-

" ues bigger than one (f > l),'wh’ich is theoretically possible according to the definition
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Figure 4.8: Variation of the space charge potential with respect to the radial space
charge potential in the middle drift tube region.A The potential differences are plotted
as a function of the radial distance from the beam axis and the axial distance from

the narrowest diameter of the top (or bottom) drift tube.

of f in eq.(4.31), the space charge potential becomes positive and the ions leave the
electron beam. Although the ions are still trapped radially by the magnetic field they

are not exposed anymore to any electron-impact excitation mechanism and, thus, are

lost in a spectroscopical sense.

The space charge compensation factor can be measured by observing electron—

beam energy dependent resonance processes, such as dielectronic recombination (DR)
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transitions (see Section 3.1.3). Such a measurement is presented in Figure 4.9 which
shows the potential difference between the electron—gun cathode and the middle drift
tube necessary for achieving maximum emission intensity of a specific DR transition

as a function of the electron-beam current.  In particular, the DR line emission

BT00 |

1 o : E

3600 - - | I,%/’ .

r | ’/E, T

: ,,’/ J

< 3500 + P A .
] t _ ’;I/’ ' ‘ Epot,sc §
(18] A | _- J
3400 | o - :
_,/I L .

B e et ta et Y ]

L ‘ ‘ 'y 4

3300 | £

L kin .
r|||l||||||||||||‘|||||||||||-

0O 20 40 60 80 100 120 140
Electron Beam Current (mA)
Figure 4.9: Potential difference between the eléctron—gun cathode and the middle
drift tube, Epq, at which: the maximum emission of the dielectronic recombination
KLL spectrum of lithiumlike titanium, Ti'®*, was observed. Using linear regression
of the acquired-data points yields an space charge potential average of 2.32 + 0.03 V
per mA of electron-beam current.
observed in this measurement is. basically, a blend of the 1s2p? Dsje — 18%2p*Dy)o
and 152p?2Ds;e — 15?2p?Dy o transitions of lithiumlike titanium, Ti***. Thus, the
Tresonance oceurs at an electron-beam energy of 3330.5 eV, i.e., the kinetic energy of

the electron with respect to the ion. The kinetic energy of the electron, Fyir, is equal
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to the sum of the potential energies, i.e., the energy due to the potential difference
between cathode and middle drift tube, Epo, and the energy-due to the space charge,
eUs., (see also Figures 4.12 and 4.13 on pages 51 and 52, respectively). Thus, the

measured space charge potential is:
1 .
Usc = E (Ek'in - Epot) . (432)

Table 4.4 gives a comparison of the measured space charge potential values and the
calculated values utilizing the different models described above, i.e., the homogeneous
and Gaussian electron density distributions, equations (4.20), (4.21) and (4.25). Since
the measured values reflect the average space charge potential “seen” by the ions
within the electron beam, the calculated values, too, represent the potential average
within the volume defined by the radius R.,;. The space charge compensation factor
f 1s inferred from the difference between the calculated and the measured values,

using the relation

le—gfcﬂ" . (4.33)

Usc,theo :

4.1.3.4 Radial electron temperature

According to Liouville’s theorem the electron density in phase space!® in the vicinity
of a given electron of the electron beam, i.e., in the volume dZ around the electron
and within the momentum interval dp, does not change as the electron moves through
electric and magnetic fields. A derivation of this theorem can be found elsewhere, e.g.
[48|. In this reference and in several other publications (e.g. [67|) the velocity of the
electrons is used instead of their momentum to define the phase space. The dimension
of the phase space, however, should be equal to the dimension of the Planck constant,
i.e., energy - time or in SI units: kgsm : Therefore. the momentum of the particle

has to be used instead of the velocity, especially, when relativistic effects become

significant and, thus, the mass noticeably depends on the velocity.

18 A multi-dimensional space based on the spatial coordinates and the momentum of the particle.
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Table 4;4: The measured, Usc expe, and calculated, Use theo, Space charge potential
values are compared and the space charge compensation factor, f, inferred from
their difference according to eq.(4.33). Measured and calculated values represent
the potential average within the volume defined by the radius RC;J, which is calcu-
_lated usingﬁcyl = % V5 In 5'7‘0, where rg is .the effective beam radius from eq.(4.4).
Following parameters have beenused: B =3T, B, =0T, r. = 1.5mm, 7 = 1400 K,
and U = 3330.5 V.

I Uscean Usesneo (V) f

mA \% «.Homogenous Gaussian Homogenous Gaussian |
10 232 262 265 0113 0.122
95 -58.1 65.4 -66.1 0.112 0.122
75 -174.2 -195.6 -197.6 0.109 0.119

125 -290.3 -324.9 3283 .. 0.106 0.116

Undef the conservation of the phase-space density of the electrons spatial com-
pression of the bea_m' leads to an increase in the momentum of the electrons which is
equivalent to an increase in electron temperature. In particular, a compression of the
beam diameter by the factor M reduces the spatial confinement by the factor M2,
- Neglecting electron—electron interactions, the momentum space in radial direction,
thus, has to ihcrease by a factor of M?2. Covering two 'degrees of freedom, the ra-
dial velocity of the electrons experience a M ~fold increase. The temperature, which is
linked to the kinetic energy, i.e., to the square of the velocity of the particles, increases
by a factor of M2, like the momentum space itself. Assuming an initial electron tem-
perature equal to the temperature of the electron-gun cathode, an estimate of the
electron temperature at any given point of the beam can be derived upon knowledge
of fhe evolution. of the electron beam’s spatial confinement.

In EBIT and SuperEBIT the electron beam originates from a 3-mm diameter area
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and is compressed to a diameter of ~ 60um, and ~ 100um, respectively, reducing
the cross section of the beam = 502 times in EBIT and =~ 30? times in SuperEBIT.
Starting with an electron temperature around 0.11 to 0.12 eV at the cathode surface,
thus, yields thermal electron energies of about 275 eV to 300 eV in the trap region
of EBIT and of about 100 eV to 110 eV in the trap region of SuperEBIT. However,
this estimate is ba:sed on the assumption that there are no electron—electron interac-
ﬁions which could transfer energy between the different degrees of freedom, especially
between the radial and axial directions. Moreover, the electron mass is considered to

be constant, i.e., independent of the velocity of the electrons.

4.1.3.5 Velocity profile

Several measurements of the radial distribution of the axial electron velocity in
cylindrically symmetric electron beams have demonstrated that the axial velocity
profile varies as a function of the radial distance [61, 60|. The radial dependence of
the axial electrbn velocity is due to the rigid rotation of the whole beam around the
beam axis. Hence, the kinetic energy consists of a translational and a rotational part.
Electrons that have more transverse kinetic energy by virtue of rotating about larger
transverse circles must have smaller axial kinetic energy. Therefore, the axial velocity
of the electrons decreases with increasing radial distance, i.e., the outer electrons move
slower axially than inner electrons. Since Herrmann’s optical theory for calculating the
electron beam radius (see eq.(4.3) on page 25) does not include any radial dependence
of the axial electron velocity, a quantitative evaluation of the velocity gradient is
essential for a discussion of the applicability of Herrmann’s theory.

The rotation of the beam is due to the presence of crossed electric and magnetié
fields, i.e., E x B # 0. Thus, the electrons follow trajectories where the electric
and magnetic forces are balanced by the inertia of the electron. A simple diagram

showing the qualitative properties of those forces is shown in ‘Figure 4.10. Using the
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| Beam Axis

Figure 4.10: Sketch of the electron trajectory in the presence of crossed electric
and magnetic fields. The geometric properties considered for the derivation of the
electron trajectory include a magnetic field in axial direction and an electric field
in radial direction. Figure (a) also shows the direction of the various forces on the
“electron, i.e., the Lorentz‘force Fpg, the electrostatic force Fg, and the force due
to the inertia of the elecfron F.n. The resulting electron trajectory -— graphically
'depicfed in (b) — is a superposition of a low—frequency rotation (w;) around the
beam axis and a high-frequency rotation (w;,) around the magnetic field lines. The

quantl’cy ¢ describes the radius of this fast cyclotron motion.

notation introduced in that Figure the equation of motion is given by:

Fo+Fp+Fs = 0
(4.34)

-2 o ' .
me [U,1° T = . -
~—ii—‘pf‘—-—+eE,+ev¢xB = 0.
T T ‘

Since the vectors 7, F,, and v,, X B are parallel, a scalar presentation of the equation
above can easily be achieved, i.e.,

e v“,2

+e|E!—ev¢B:0< _ (4.35)

The signs already account for the fact that the electron’s charge is negative. Intro-

ducing the rotational frequency

Cw, = 2 . (4.36)



B _
and the cyclotron frequency we = jn (4.37)

modifies eq.(4.35) into:
2 | £ ]

Wy — We Wy + Wy Br

0, (4.38)

which has the solutionsiwy,,, = % (1 + \/1 - %—?—T—') . (4.39)

The subscripts »,; denote the high— and low—frequency solution. For EBIT and Su-
perEBIT the term under: the square root is close to one and, thus, the electrons
gyrate around the magnetic field lines with the high—frequency w,, which is almost
the cyclotron frequency, and they rotate around the beam axis with the much slower
frequency w,,. A sketch of the electron trajectory is shown in Figure 4.10. The
transverse velocity due to the slow rotation, v, equals wy,,r, where r is the radial
distance from the beam axis. For the fast cyclotron motion the transverse velocity is
Vn = Wy, . The radius ¢ depends on the angle, o, between the electron trajectory

and the magnetic field lines, which are assumed to be parallel. In particular,

(= % sina = wﬁ sina . (4.40)

The total velocity v is determined by the total kinetic energy Eyi,, which, neglecting
the thermal motion!” of the electrons, only depends on the potential difference be-
tween the cathode and the point of interest, i.e., the sum of acceleration potential U

and space charge potential U,,,
Erin(1) = Epot(r) = € (U + Us(7)) . (4.41)

The total kinetic energy of the electron FEy;, is split into the kinetic energy in axial
direction Ly, ., the transverse kinetic energy due to the fast rotation around the

magnetic field lines Ejin », and the transverse kinetic energy due to the slow rotation

Including thermal motion does not introduce an additional radial dependence of the kinetic

energy or the velocity distribution unless the temperature of the cathode is not uniform.
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around the beam axis Fyin,;. Using the equations (B.1) and (B.2) from page 195 the

axial velocity can be derived from the energy balance in following way:

Exin = FEringz + Exing + Eking (4.42)
Y = Y=m—n+t2 (4.43)
1

where v = —m——

and, thﬁs, |
v, = co\[l— L g - (4.44)
' (Y=m—mn+2)

A non-relativistic treatment of the energy balance yields the much simpler expression,
ie.,

b;(?‘) = \/v2 —wy, 22 —wyrt (4.45)

for the electron velocity in axial direction. |

Determination of the axial velocity proﬁ.le requires an estimate of the angle a be-

tween the electron trajectory and the magnetic iﬁeld lines. Assuming perfect injection

of the electrons, i.e., that the electrons are emitted from the cathode with trajectories

parallel to the magnetic ﬁeld 1ine's,' no rotation around the field lines is present and

the radius ¢ equals zero length. The thermal motion of the electrons, however, pre-

vents a perfect injection. Thus, the minimum angle between the velocity vector and

the magnetic flux density vector can be inferred from the ratio of the thermal to the

En .
). For an estimate
kin,z

of the electron injection angle the total energy Ey;, was used instead of Ey;, .. The

kinetic energy of the electrons in axial directions (tan o =

difference in the resulting angle o is negligible due to the small thermal energy in
comparison with the kinetic energy of the electron.
. The values of the radius ¢, the rotation frequencies w,, wx, w;, and the energies

Eyinn and Ein at the center and the edge of the electron beam are listed in Table 4.5.
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Table 4.5: Beam-—center and beam-edge values of some quantities describing the

beam rotation. In particular, these are the radius zeta of the cyclotron motion

utilizing eq.(4.40), the rotation frequencies w,, wy, and w; according to eq.(4.37)
and eq.(4.39), and the kinetic energies Eginn and Ejin  calculated with eq.(4.36)

and eq.(B.1). The parameters used for these calculations are listed in the top section

of this table. Rey is the radius of the beam edge assuming a homogenous electron

density distribution. Ey the thermal energy of the electrons in the trap region

(see Section 4.1.3.4). The presentation of the results was selected in order to show

the impact of the various parameters upon the calculated quéntities and, thus, the

amount of digits used does not reflect the precision of the calculated values.

Parameters used for calculation

I U Ry Eun
mA kV um eV
EBIT 130 18 30.8 285
SuperEBIT 230 136 529 105
EBIT SuperEBIT
Homogenous - Gaussian Homogenous Gaussian

r=0um 7=Ry 7=0um 7r=~Ry

¢ (mum) 24196 24185 24198  2.4185

we (101 s71) 50985  5.0984  5.0086  5.0984
wp (101 s71) 50085  4.9916  5.098  5.0057

w; (109 s71) 0 10.7 0 9.3

Erinn (6V) 4326 4143 4327 4166

Ek:in,h (eV) 0 0.3 0 0.2

4.1681
4.1681

0

0.0574

0

r=0um 7r=Ry 7r=0um 71=Rey
0.34079

0.34078 0.34080  0.34078

4.1680 4.1681 4.1680

4.1411 4.1681 4.1447

2.7 0 2.3

0.0566 0.0574 0.0567

0.06 0 0.04

The values in Table 4.5 clearly show, that the difference in the transverse kinetic

energy between the center and the edge of the beam is at least two orders of magnitude

smaller than the difference in the potential energy due to the space charge of the

49



electron beam. Thus, the radial dependence of the kinetic energy in axial direction

Eyin. and the axial electron ‘velocity v. is dominated by the space charge potential.

Figure 4.11 shows the axial velocity distribution normalized to the value at the beam

center, i.e., v,(r)/v,(0). A comparison of the various types of kinetic and potential

energies discussed in this section is plotted in the Figures 4.12 and 4.13.

Relative Velocity
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- 1.0005
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Figure 4.11: Distribution of the axial electron velocity along a cross section of

the electron beam according to eq.(4.44). The values are normalized to the axial

“velocity at the center of the beam. The parameters used for the calculation are listed

in Table 4.5, and the result of the space charge potential assuming Gaussian density
distribution, eq.(4.25), was implemented into eq.(4.41). The velocity values at the
beam center are: v.(0) = 0.257 ¢y for EBIT and v,(0) = 0.613 ¢y for SuperEBIT,

with ¢p being the speed of light. The dotted lines represent the measured beam

radii.
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Figure 4.12: Potential and kinetic energy components of an electron-beam electron
as a function of the radial distance. All energy values are given as fraction of the
total energy which is defined by the potential difference between the electron-gun
cathode and the middle drift tube electrode, i.e., 18 keV for EBIT and 136 keV
for SuperEBIT. The quantities plotted are: The potential energy due to the space
charge of the electron beam E,., the transverse kinetic energy due to the cyclotron
motion Fgin », and the transverse kinetic energy due to the rotation of the electron
around the beam axis Ejin;. The solid curves are the results using the EBIT
parameters, the dashed curves show the results using the SuperEBIT parameters

(see Table 4.5). The dotted lines represent the measured beam radii.
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Figure 4.13: Kinetic energy components of an electron-beam electron as a function
of the radial distance. All energy values are given as fraction of the total energy
which is defined by the potential difference between the electron—gun cathode and
the middle drift tube electrode, i.e., 18 keV for EBIT and 136 keV for SuperEBIT.
The quantities plotted are: The total kinetic energy Fp;, and the kinetic energy
in axial direction Ej;, .. Figure (a) presents the resulfs for SuperEBIT, figure (b)
shows the results for EBIT. The parameters used for these calculations are listed
in Table 4.5). The dotted lines represent the measured beam radii. The difference

between Py, and Ejp ;. is the kinetic energy in'radial direction.



4.2 Injection systems

There are three basic injection methods applied at the Livermore EBIT facility. In
particular, these are: ballistic injection of neutral particles via a gas injection system,
electrostatic injection of lowly charged ions which are produced in a metal vapor
vacuum arc, and a method based on sputtering atoms and ions from a coated wire
which is placed close to the electron beam at the trap region, i.e., the middle drift

tube.

4.2.1 Gas injector system

The gas injection system allows the ballistic injection of neutral particles which are
in a gas phase. The variety of injected materials includes noble gas elements (Ne,
Ar, Kr, Xe), molecules (No, COz, SFs, etc.), evaporated metals (K, Ti, Cs, etc.), and
complex organic compounds which are either available in a gas phase or have a high
vapor pressure at room temperature, e.g. iron pentacarbonyl (Fe|COJs) which has a
vapor pressure of 40 Torr at 30 °C.

The EBIT facility is equipped with a continuous and a pulsed gas injection system.
Both systems have differentially pumped two—chamber gas reservoirs (see Figure 4.1,
page 18) and employ fine adjustable valves, i.e., a thermally controlled valve for
continuous gas flow, and a current—pulse controlled valve for pulsed gas flow. For
the continuous gas flow active regulation is applied to the thermo valve which allows
to maintain a constant pressure in the reservoir regardless of the pressure on the
high-pressure end, i.e., the gas feeding line. The feeding line is connected to the gas
cylinder of choice, usually equipped with a regulator. Keeping the pressure in the
feeding line just a little bit above one atmosphere prevents possible contamination
with air. A

+ The design of the differential pumping scheme allows to change the pressure in
the second stage of the gas reservoir (gas injector pressure) from the 1 - 107° Torr

(1.33 - 107* Pa) level to the 1 - 10~° Torr (1.33 - 10~7 Pa) level within a few minutes.
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Thus, depending on the position of the thermo: valve any injection pressure within
that interval can be selected conveniently. One disadvantage of using a therr;lo valve
is that in case of a power failurelno heating cﬁrrent can be applied and the valve
opens. |

Although the gas injector pressure is only in the 107°...10~7 Torr range, it is still
several orders of magnitude higher than the pressure in the drift tube sections, where
it;!d;ops to the 107 Torr ‘lével ‘and below. The exact. pressure in the trap region is
u;li{;own since it is below the sensitivity of the pressure gauges, in particular, ion
gauges, employed which is the 107! Torr (1.33 - 107° Pa) level. Besides, the pressure
gauges are mounted too far away from the trap area to allow an accurate measurement
of the true rest gas pressure in the trap region itself. |

Since the pressure in the trap region is unknown, the absolute value of injected
and trapped particles can only be estimated. Considering a gas with a Maxwellian
velocity distribution the product of the free mean path A and the gas pressure p is
kT |
V2o’

where k is the Boltzmann constant, 7' the absolute temperature, and o the cross

A . p pomant (4,46)

section for atom-atom (or molecule-molecule) collisions.. At a given temperature the

product A - p is constant, e.g. for air at room temperature it is:
A-p~10"*Torr-m ~ 1.33 - 1072?Pa-m , (4.47)

At a pressure of 107° Torr _the free mean path of the gas particles equals 10°m. The
distance between the apertures in the differentially pumped gas reservoir is, however,
only in the 10™!~m range. Thus, there are basically no collisions between the gas par-
ticles along their way th‘rough‘ the gas injector and the injected gas particles follow
ballistic trajectories. i.e., trajectories which are soleiy determined by the initial mo-
mentum of the particle. Only particles within a certain phase-space volume manage
to exit through the outlet aperture,.i.e., the orifice between the injection system and

the EBIT vacuum chamber. Gas particles which are outside this speciﬁé phaée—spa,ce

4
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volume strike the walls of the injection chambers and most of these particles are re-
moved by the vacuum pumps. If not carried away by the pump some of the particles
might actually escape through the exit aperture after some reflections on the chamber
walls. These “stray” particles, however, are unlikely to cross the electron beam and,
thus, only increase the gas load onto the EBIT vacuum system.

Considering th‘ét for nitrogen molecules at room temperature the Maxwellian ve-
locity distribution has its maximum at about 420 %—1-, the effect of gravitation on the
trajectories of the injected particles is in the #m regime. Thus, the amount of injected
particles that actually cross the electron beam was estimated by applying the rules
of geometrical optics. A sketch of the geometric properties of the injection system is
shown in Figure 4.14. Using the notation introduced in this figure the solid angle of

the injected gas particles that intersect with the electron beam is given by
Q = Ysing (4.48)

dy
2.’15(,7

hs
=92 1 t
and © arctan {mm ( 5 )}

Q
Thus, of all particles injected into the 27 half sphere, only the fraction ﬁ— actually

crosses the electron beam. For EBIT this fraction, which represents the efficiency

where 1 = 2 arctan

of the injection method, is about 3 - 1077. The density of the injected gas at the |
intersection with the electron beam is indirect proportional to the expansion of this
“gas jet” which is equal to the ratio of the surface of the half sphere A, which
* originates at the center of the injector nozzle to the cross section of this nozzle Ao,
ie.,

Agr 8131)2
Cexrp — A -

"= (4.49)

The reciprocal values of the expansion coefficient c.;, is in the order of 107% for the
EBIT and SuperEBIT gas injection systems and, thus, the density of the neutral gas

beam is reduced by about 6 orders of magnitude on its way from the injector nozzle
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Figure 4.14: Schematic layout of the gas injection system, (a) side view, top view
(b). The injected beam is collimated by a set of small orifices with the diameter hi
along the line of sight from the injector nozzle to the electron beam. The opening
polar angle ¢ defines the quantity hy, i.e., the height of the electron beam which is
exposed to the “gas jet”. In the azimuthal plane the opening angle % is determined

by the diameter of the electron beam dp.

to the electron beam. The parameters used for calculating the injection efficiency and
expansion coefficient are listed in Table 4.6.
For an ideal gas the density n depends only on the presSure p and the temperature

T of the gas, in particular,

_ b
n= o (4.50)

k being the Boltzmann constant. Determination of the “gas jet” density at the

intersection with the electron Peam requires knowledge about the pressure at the
!

injector nozzle, i.e., the pressure in the first gas reservoir. Although, the ion gauge

which is used for actively regulating the thermo valve only monitors the pressure
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Table 4.6: Estimated values for the solid angle €, of the ballistically injected
particles, the efficiency of the injection method cefy, i.e., the fraction of the injected
particles which intersect with the electron beam, and the reciprocal values of the
beam expénsion 221; The assignment of the geometric quantities can be taken from

Figure 4.14.

index z; h; ©i

o

mm Imm '

0 0 0.75 90.0

1 150 1.59 1.21

2 300 2.38 091

3 515 6.35 1.41

b 520 407 091
dy Yi 979 Cef f -
pm ° ST

EBIT 616 0.0068 1.9-107° 3.0-1077 1.0-10°°
SuperEBIT 1058 0.0117 3.2-107% 5.1-1077 1.0-107°

in the second reservoir, the pressure in the first chamber can be inferred from that
measured value, because these two quantities are linked together by the‘ geometric
properties of the differential pumping scheme including the pumping power employed.
For the EBIT gas injection system the pressure in the first chamber is about 80 times
higher than the pressure measured in the second chamber [57]. Thus, assuming a gas
injector pressure of 1078 Torr, i.e., a density of about 3.3 -10° em™ at T = 293 K,
would vield a neutral density of 2.8 - 10* ecm™ at the location of the electron beam.

" However, the pressure at the location of the nozzle of the gas injector is much higher
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than in the second chamber, and this estimate, thus, represents a lower limit of the
neutral density at the trap region.

As mentioned above, the Livermore EBIT facility is also equipped with a pulsed
gas.injection system which has a pulsed supersonic beam valve!®. The amount of gas
released into the trap region depehds on the pressure gradient and the pulse duration,
which is in"phe ordér of 10° Pa and 30 to 60 us, respectively. Typically, the pressure
in the gas injector is about 16 psi (1.1 1_05 Pa) at the high—pressure end of the pulsed
supersonic valvre and in the mid 10~°<Torr (1.337'! Pa) range at the low—pressure
end. The pulsed injection technique allows to inject a.higher amount of particles
without increasing the overall gas load within one duty cycle. Moreover, when using
the continuous injection method the constant stream of neutrals not only degrades
' the ultra high vacuum in the trap region but also limits the achievable charge balance

due tobcharge exchange between highly charged jons and neutrals of the same species.

4.2.2 Metal Vapor Vacuum Arc (MeVVA)

Another pulsed method for injection of elements which is available at the Livermore
EBIT facility is a Metal Vapor Vacuum Arc (MeVVA). This miniature arc has been
developed at the Lawrence Berkeley National Laboratory by Brown et al. [69, 70] as
an ion source for all metallic elements.

‘A high-current electrical discharge between anode and cathode.electrode forms
several arc streams and, thus, hot spots at the location of the cathode. Through
these hot spots material from the cathode enter the arc plasma. The space charge
b‘of the electrons in the arc streams is sufficient to pull the positively charged ions
towards the anode. When the ions get close enough to the anode they see the strong
extfaction potential applied between the anode electrdde and the so called focus
electrode. At an focus—anode potential difference of 8 kV the extracted ion beam

current of the miniature arc is about 5 mA [70]. The pulse duration is in the order of

18Manufactured by R.M. Jordan Co. (see also [68]).
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20 us and, thus, about 1077 C, i.e., 6.24 - 10!! elementary charges, are extracted per
pulse. Doubly charged ions are the most common species in the extracted ion beam
of the miniature arc [71|, and thus, each MeVVA pulse yields about 3 - 10! ions.

The ions which are extracted through holes in the anode and focus electrode move
towards the EBIT collector. An Einzel lens, which is mounted between the focus
electrode of the MeVVA and the electron beam collector, is used to project the ex-
tracted ions onto the beam axis past the collector region. Despite implementation of
the electrostatic Einzel lens only about 0.2% of the ions extracted from the MeVVA
are successfully injected into the electron beam. As .soon as the ions hit the electron
beam they are radially confined by the electron beam’s space charge.

To ensure that confinement in axial direction takes place at the middle drift tube,
the potential of the drift tubes is set approximately equal to the anode potential of
the MeVVA which is basically the starting pbtential of the ions. Additionally, the
potential of the top drift tube is moved below the potential of the rhiddle drift tube
during the injection process. When the decelerated ions reach the middle: drift tube
region the potential of the top drift tube is raised again reestablishing the potential
well in axial direction. The potential distribution along the beam axis during injection
of the positively charge MeVVA ions and -during ionization of the trapped ions is
sketched in Figure 4.15.

By changing the electric connections for cathode and trigger electrodes the arc
discharge burns between anode and trigger wire and, thus, the MeVVA plasma con-
tains the trigger wire material which can be injected into EBIT. In fact, utilizing a
trigger pulse to initiate the discharge always causes sputtering of a few particles from
the trigger electrode material. Thus, the atomic number of the trigger wire element
should always be smaller than the atomic number of the cathode element, when two

different elements for the trigger wire and the cathode are selected®. Additionally,

19At a given electron beam energy the charge state of an ion is proportional to its atomic number

and, therefore, heavier elements experience a stronger trapping force than lighter elements.
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Figure 4.15: Qualitative shape of the potential along the beam axis from the elec-
tron gun (E-gun) to the MeVVA — a...anode, c...cathode. During injection of

- the MeVVA jons the potential of the middle (m) drift tube is equal to the potential
of the MeVVA anode and higher. than the top (t) drift tube potential. When the
ions reach the middle drift tube the top drift tube potential is raised and the ions
are trapped. The dashed lines are the floating potential for the whole drift tube

~assembly (DT) and the E-gun assembly which includes the collector. In EBIT the
E-gun cathode sits at ground potential. The SuperEBIT facility allows to bias the
.E—gun assembly to almost -200 kV.

the neutrals in the plasma discharge condensate when they hit the surrounding walls
which can yield a thin coating of cathode material onto the trigger wire. This thin
layer of cathode material on the trigger wire enables to inject both elements simulta-
neously when switching cathode and trigger electrodes as described above.

The MeVVA injection method is, however, limited to conducting materials only.
Sucéessful implementaﬁon of elements also depends on the ability to machine the
méterial into the required shape. Furthermore, a certain heat resistivity is important,
L.e., the melting point should be high enough that the arc does nof cause a melt down

of the MeVVA material.

60



4.2.3 Wire probe

This injection method which is based on ion sputtering has been developed recently
[72] and requires only very small quantities (a few nanograms) of source material
permitting the use of rare and/or expensive materials. The material of choice is
coated onto a wire which is placed close to the electron beam in the middle drift tube
region. Typically, the tip of the wire is about 1 mm away from the beam axis. The
wire has to be biased in order to hot significantly affect the potential distribution in
the trap. Since the ion densities at a given radius depend exponentially on the ratio
of potential energy to kinetic energy (Boltzmann distribution), it is most likely that

the ablation of the material is due to sputtering by lowly charged ions.

4.3 Vacuum and Cryogenics

The ionization rate and excitation rate of the highly charged trapped ions due to
the electron beam strongly depends on the collisional rate and, thus, on the electron
density of the beam. Radial compression of the beam is, theréfore, essential and the
strong, stationary magnetic field required for this task is only achievable utilizing
superconducting electromagnets. The critical temperature of the superconducting
material employed at EBIT and SuperEBIT (Nbgs Tio.4) is Tc = 9.8 K. To cool the
magnet below the critical temperature the Helmholtz coils are submerged in a liquid
helium bath. The cryogenic design of EBIT includes also a liquid nitrogen shield
émund the liquid helium reservoir to reduce the thermal load onto the liquid helium
reservoir from the surrounding room—temperaturé environment. Liquid nitrogen 1s
also used to cool the collector, which due to the impact of the electrons éarries a heat
load of up to 400 W.

The liquid nitrogen shield is being filled up automatically every hour, the collector
cooling circuit is set to a permanent flow during operation. A 6000-1 tank which ‘
supplies the liquid nitrogen for both machines, EBIT and SuperEBIT, has to be filled

every four days. The liquid nitrogen is, however, also used for all cryogenically cooled
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detectors and for nitrogen gas supply and, hence, the liquid nitrogen consumption
does not reflect sdlely the needs of the EBIT devices. During continuous operation,
i.e., 24 hours a day, seven days a week, the consumption of liquid helium is about 4 1
per hour for EBIT and 10 1 per hour for Supe;EBIT. The liquid helium is supplied
in form of 250-1 or 500-1 dewars. The superconducting coils stay always connected
to the power supply through the magnet leeds which unfortunately are also very
- good thermal conductors. Currently, no system is installed to recycle the boiled-off
helium. However, the heiium gas is reused to create a helium atmosphere for x-ray
_spectrometers targeting the energy range between 3 keV and 20 keV.

EBIT requires a very high vacuum at the location of the trap in order to avoid
quenching of the high charge states of the trapped ions due to charge exchange with
the rest gas. The desired pressure of 107! Torr and below is achieved by several ion
pumps and cryopumps. Additionally, the liquid nitrogen shield and the liquid helium
reservoir work as big cryotraps where almost all rest gas particles condensate. Thus,
most of the rest gas present in the trap region comes from outside the: cryogenically
cooled regions, especially from the electron gun and from the MeVVA. A decrease
of the pressure in these two regions reduces the gas load in the trap area, narrows
the focus diamete;, improves the stability of the electron beam, and .increases the
amount of ions inject’ed from the MeVVA device. All these effects contribute to a
higher density of highly Charged ions in the trap. During operation the pressure in the
electron gun and in the upper chamber, i.e., between the drift tubes and the MeVVA,
should be in the 10~° Torr range. |
¢ There are several interlocks installed tha.t are triggered by the pressure in the EBIT
vacuum vessel. In pérticular, the observation ports are equibped with pneumatically
controlled valves which shut if the pressure in EBIT exceeds the 1 - 10~¢~Torr limit.

. The valve that separates the gas injector from EBIT is additionally interlocked with
the pressure in the gas injector reservoir, and it is being closed when that pressure ex-

ceeds the 1-107°~Torr limit. The electron—gun filament power supply, which provides
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the heating current for the cathode, is interlocked with the electron—gun pressure. The
power supply is turned off above an electron-gun pressure of 11077 Torr to avoid

destructive oxidation of the cathode.

4.4 Operation

Since the energy of the quasi monoenergetic electron beam is mainly determined by
the potential difference between the electron—-gun cathode and the middle drift tube,
it can be controlled with only one power supply. In particular, this is the power
supply of the whole drift tube assembiy (DT-level in Figure 4.15) which amplifies
an analog low—voltage input signal. This input signal can be steady state or of any
time—dependent form?® limited, of course, by the slew rate of the power supply?'. The
DT potential is monitored using a high—precision high-voltage divider?2. Due to the
limited rise time of the power supply and the impedance of the drift tube assembly
the shape of the DT potential can be slightly different from the analog input signal.

The potential of each drift tube, i.e., bottom, middle, and top drift tube, is adjusted
by additional power supplies, which create potential differences on top of the overall
DT potential. Thus, these power supplies and all the signal-processing instruments
necessary for controlling the drift tubes have to float on the DT potential. The 110-
V, 60-Hz AC voltage needea for the instruments is created by a generator which is
connected to a motor through an electrically insulating axle and, thus, also sits on the
floating DT potential. Optical fiber links allow electric insulation of all input/output
signals between the main EBIT control racks and the control units which float on the
DT potential.

The signal processing logistic includes a time module with 32 synchronized 3.5-

20A high-precision function generator — Hewlett Packard, HP 3314A — is used to produce the
time-dependent low—voltage input signal.

. v
LAt EBIT a Trek 20/20 power supply is used which has a slew rate of 350 —.
s

22Commonly referred to as “Ross probe” — manufactured by Ross Engineering Company, CA.
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V outputs with a minimum width of 0.1, 1.0, or 10 ms. Through a graphical user
interface, any seqﬁential pattern of gates can be set for each of the 32 channels.
Optional loops of variable length and repetition increase the flexibility of the graphical
interface and allow implementation of any kind of periodical timihg pattern with duty
cycles from the ms-range up to several minutes or even hours if necessary. The timing
cycle can also be stopped or restarted at any time utilizing different interrupt options.
The restart. (or abort) feature is, for example, useful in casé the injection of ions from
the MeV VA has failed or the electron beam crashed, which, of course, emptié‘é"%:’he trap
and, thus, instead of wasting a whole duty cycle a new injection can be started after
activating the restart option. For measurements on very high-Z7 elements, howéver, it
- can be advantageous to increase the trapping time after successful injection Qcéured
~and, thus, the stopping option comes in handy.

A typical timing cycle includes the injection of the element of choice, the ionization
untﬂ the high charge states are obtained, the period of data acquisition, and dumping
of the ions before high-Z elements intrinsic to the EBIT and SuperEBIT device
accumulate in the trap. Those “intrinsic” elements are; for example, barium and
tungsten from the electron gun assembly which eventually reach the trap and displace
lower-Z elements. The fact that heavier elements reach a higher charge state at the
same electron beam energy enables to cool ions by admixing lower-7Z elements. In
thermal equilibrium, i.e., at the same kinetic energy, the lower-7 elements are more
likely to leave the trap since the potential energy is proportional to the charge of the
ion. This method of cooling is refer{red to as evaporative cooling and is discussed in

detail elsewhere [45, 73] .

4.5 EBIT versus SuperEBIT

Historically, the development of SuperEBIT was an upgfade of EBIT with the main
goal to increase the upper limit of the applicable electron beam energy. The drift

tubes, optimized for trapping, exciting, and ionizing the highly charged ions, how-
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ever, are designed to withstand maximal 35 kV of potential difference between the
drift tube electrodes and the surrounding EBIT vacuum vessel. In particular, EBIT
can currently be operated at a maximum drift tube potential of only 15 kV to 20 kV,
at SuperEBIT a drift tube bias of 28 kV was successfully applied in a recent ex-
periment.v Further ‘increase of the electron beam energy is achieved by negatively
biasing the electron gun. A new collector had to be designed which keeps the po-
tential difference to the electron—gun cathode constant, in particular, to about 2 kV.
Therefore, at the collector the eléctrons have only a fraction of the energy they had
at the middle drift tube and the heat load onto the collector and the hardness of the
Bremsstrahlung are tremendously decreased. So far, the lowest potential with which
electrons have been launched was —207 kV — during an experiment performed by
Crespo et al. [33]. Additional steering elements for the electron beam are required
since the SuperEBIT collector sits about 125 cm above the location of the “old” or
“original EBIT” collector, which was kept in the machine.

‘The cooling system for all electrodes of the electron gun and collector assembly
has to float at the electron—gun potential, too. Thus, the automatized liquid nitrogen
cooling circuit can not be utilized for cooling the SuperEBIT collector. A separate
cooling circuit is installed with kerosene as coolant?3. This kerosene cooling sys-

tem is currently the weakest link in the chain of subsystems which are essential for

SuperEBIT operation.

4.6 Other EBIT facilities

Cloning in the world of physics is less controversial than in the biological or medical

fields, in fact, it is certainly a sign of success if experimental devices are duplicated.

Z3Freon, which would be a much better coolant, in terms of heat capacity and electric insulation
is, unfortunately, a potential environmental hazard, especially in a high—voltage environment, where
the presence of an electric spark could cause chemical reactions creating highly toxic byproducts of

the carbon-hydrate fluorides.
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In case of EBIT several devices — copies and standalone developments — exist to

date worldwide:

e Clarendon Laboratory, Department of Physics, University of Oxford, Oxford
UK [74).

e Atomic Physics Division, Nat'ional‘ Institute of Standards and Technology, Gaithers-

burg, MD, USA |75].
e University of Electro-Communications, Chofu, Tokyo, Japan [76].

e Max Planck Institut fiir Plasmaphysik, Bereich Plasmadiagnostik, EURATOM

Association, Berlin, Germany |77].

e Supposedly, there are also two EBIT devices in Moscow but they are not oper-

ational due to the lack of financial support.

The existence of all these EBIT facilities demonstrate the feasibility of this device
for production and investigat‘ion‘ of highly charged ions. Moreover, it clearly shows
the increasing interest of the physicé community of various fields, e.g., atomic physics,

plasma physics, astrophysics. and surface science, in highly charged ions.
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5 X-ray Spectrometers

Two different groups of x-ray spectrometers are currently used at the Livermore
EBIT facility, i.e., low-resolution solid-state detectors and high-resolution crystal
spectrometers. The solid-state detectors are the work horses in respect to broad-band
surveys of the x-ray radiation emitted from the ion trap region. A short description
of solid-state detectors, in particular, high-purity germanium detectors, is given in
Section 5.1 below. Among the high-resolution crystal spectrometers used at EBIT
and SuperEBIT the following Sections focus on the von Hdmos and the DuMond
spectrometer geometries, which were used for the high-resolution measuremgnts of
the n = 2 — 1 transitions in highly charged krypton and xenon, respectively (see

Chapters 6 and 7).

5.1 Germanium detectors

Like all solid state detectors, germanium detectors are, basically, semiconductor
diodes. A lithium-diffused léyer of the germanium single crystal forms the “n-
_contact”, i.e., the area where negative charges are enhanced. Ion implantation of
boron ions creates the enrichment of positive charges and this layer forms the “p-
contact”. A voltage is applied with such a polarity that the crystal volume between
n- and p-contact is charge depleted and, thus, no DC current can flow through the
semiconductor device. Upon impact of an x-ray photon electron-hole pairs are pro-
duced in this volume and a current pulse can be detected in the circuit. The number
of electron-hole pairs is proportional to the photon energy, which allows the spectral
decomposition of the incoming x-ray radiation. In particular, an energy of 2.96 eV is
needed to create an electron—hole pair in a germanium crystal which is at a tempera-
ture of 77 K [78]. The size of the detectable current pulse, however, also depends on
the electrical field strength in the crystal. Therefore, the sensitivity of the detector is

proportional to the magnitude of the electrical field strength. The resolution depends
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on the unifofmity of the electrical field across the diode. Typically, the magnitude of
the electrical field strength in the germanium crystal is around 1 i\; Such a field
strength requires a cryogenically cooled crystal since too many intrinsic charges are

present at room temperature which would yield destructively high currents. Due to
the application of cryogenics, crystal and Field Effect Transistor (FET) are embedded
in an evacuafed aluminum capsule with a beryllium window in the front. A concise
compilation of some parameters of the germanium detectors used for measurements

presented in this thesis is given in Table 5.1.

Table 5.1: List of some germanium detectors used at the Livermore EBIT facility.
The concise compilation of some detector parameters includes: the area Agzsq, and
volume V4, of the germanium crystal, the thickness of the beryllium window dy;x,
and the energy resolution measured at 5.9 keV. The column ID is for reference

purpose only.

Model Apat Vit duin AE ID
. mm? mm® upm eV
" EG&G GLP 16195/10 201 - 2011 127 195  small GLP
PGT IGP 210185 210 2100 127 185 IGP

EG&G GLP 36360/13-P 1018 13232 254 360 big GLP
EG&G LOAX 51370/20-P 2035 40696 508 370 small LOAX
EG&G LOAX 60495/30-P 2827 84823 508 495  big LOAX

5.1.1 Detector efficiency

The efficiency of the germanium detectors is equal to the probability that the incoming
x~ray photon gets absorbed in the charge depleted zone of the germanium crystal.
The x rays have to first penetrate the beryllium window and then either the 600-um

thick n—contact or the 0.3—um thick p—contact. These layers are also called the “dead
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layers” of the germanium crystal. In all the germanium detectors listed in Table 5.1
it is the p—contact which faces the beryllium window. The fraction of x-ray photons
which penetrate a material of thickness d is given by:

I

T=>"=er, (5.1)
IQ ’

where Iy denotes the incoming and I, the transmitted x-ray intensity, and p is the

mass attenuation. In miost Tables the mass attenuation coefficient is normalized to

the density of the material p, i.e., ﬁ. The fractional amount of absorption is given by

A:%:l—e-#d, (5.2)

assuming that none of the incoming x-rays are reflected. The mass attenuation
represents the overall energy loss of the incoming photon due to interactions with
the target material. The main processes contributing to the energy loss of the x-ray

photon can be divided into following groups:
e Photoelectric absorption,
e Coherent scattering (Rayleigh scattering),
e Incoherent scattering (Compton scattering), and
e Pair production.

In the photoelectric absorption process the whole energy of the incoming x ray photon
is converted into the binding energy plus the kinetic energy of an originally bound
electron, also known as photoelectron. Filling the vacancy created due to this pho-
toionization leads to the emission of either characteristic x rays or Auger electrons. A
rough approximation of the probability of photoelectric absorption for a photon with
the energy Ej, interacting with an atom of atomic number 7 is

a

9.
= (53)

7 ~ Const.
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where the exponent a varies between 4 and 5 for [79]. This proportionality, of course,
does not account fé)r,vthe characteristic shell structure of the element of atomic number
Z. The constant (Const.) has the dimensions of Energy3/ Length and, thus, the
quantity 7 is compatible with the mass attenuation factor i given in the equations
above. The photoelectric absorption is the dominant part of the x-ray germanium
~ detector interaction considering that for all measurements presented in this thesis
the x-ray energy is below 160 keV. The coherent scattering or Rayieigh scattering
describes the energy loss due to resonant oscillation of the atoms, especially the
electrons of the _atdms, with the electromagnetic field of the passing x-ray photon.
The amount of coherently scattered energy is according to Lord Rayleigh proportional
to the photon energy and the réfractivipy of the medium [80, 81|. The attenuation

due to coherent scattering has the form:

81, . (
Ocoh = m (n - ]-) -
B w? N?et 1 2 B
6w Nept me2ep? \wo? —w?+iwy) (5.4)
2
_ Né 1
breo | B [1- it - ()]

Only the motion of the electrons is taken into account and, thus, N represents the

N e? 1

electron density. The refractivity n?—1 was substituted with the term o DT

[82, 83|. The quantities A, w, and Ej, characterize the x-ray photon. F.- is the potal
energy of the coherently oscillating elecfrons, m. the electron mass, and ¢y the speed
of light. The quantity wy describes a resonance frequency of the electron, e.g., the
_ frequency of a dielectronic transition between two bound states, and  is the damping
of the electron’s oscillation due to-collisions. Actually, the sum of all possible resonant
transition frequencies should be used instead of only one. For the discussion of the
qualitative behavior of the attenuation due to coherent scattering in the domain of
x-ray energy, however, the use of only one resonance frequency and, thus, only one

transition énergy I, is sufficient. Assuming that the x-ray energies are far away
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from any of the resonance energies of the medium the amount of coherently scattered
photons is mainly determined by the total energy of the electrohs. Therefore, the
attenuation decreaseé with increasing x-ray energy.

The incoherent scattering can be split into a scattering component (Compton scat-
tering) and an absorption component (Compton absorption). The Compton scatter-
ing process describes the partial transfer of the x-ray energy and momentum to an
electron. The cross section for Compton scattering can be estimated using the Klein-
Nishina formula which is a fully relativistic approximation for high—energy photons
(84, 85‘] . Thus, the attenuation — the macroscopic equivalent to the cross section —
due to this process is

Net 1

6mep® F,-2 (1 — 2;?“_‘-) ’

(-4

(5.5)

Oinc,s =

with the same notation as in' eq.(5.4). The attenuation based on pair production
requires a minimum photon energy of 2mg co® = 1.02 MeV. Therefore, this process is
not relevant for any of the presented measurements.

Figure 5.1 shows the mass attenuation and the various components according to
the discussion above as a function of photon energy for the elements beryllium and
germanium.  Considering the probability for absorption of the x-ray photon in
the beryllium window and the p—contact “dead layer” of the germanium crystal the

efficiency of the germanium detector 74, is approximately

Ndet = Twin : Tcon . Aztal =
(5.6)

— e“l"Bedwiv} . e_llGedcan . (1 __e—l"Ged:rtal)

The indeces win, con, and ztal, st\and for window, contact, and crystal, respectively.
The fact, that for x rays within a certain energy interval above the K edge the atten-
uation is higher than for the characteristic K-shell x rays increases the probability
for those characteristic x rays to escape the germanium crystal. Thus, the detected
energy is reduced by the energy of the escaped photon which is a chéracteristic quan-

tity of the target material. As a result additional features appear in the detected
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Figure 5.1: Total mass attenuation coefficient y for beryllium (p =2.34gcm™3) and
germanium (p = 5.32 gcm ™) in the domain of x-ray energy. The main contribution
are the photoelectric absorption o, in the low-energy regime and the incoherent
scattering (Compton scattering) oin. s for high—energy photons. The fraction of the
attenuation due to coherent scattering (Rayleigh scattering) is always below 10%:-.
Thc-sharp increase of the germanium attenuation coefficient at 11.10 keV is the K-
edge of this element, i.e., the threshold energy abové which it is possible .to remove
K-shell electrons.The label Ko marks the energy of the characteristicn = 2 — 1

transition.
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spectrum, the escape peaks. The counts accumulated in the escape peak features are
actually missing from the spectral region of the x ray which caused the initial K-shell
photoionization. Therefore, the detector efficiency for this region is reduced by the
fraction of characteristic K—shell photons which escape the germanium crystal. A
detector efficiency versus x-ray energy plot is shown In Figure 5.2 the detector effi-
ciency is plotted versus the energy of the detected x-ray photons. For high-energy
x-rays the detector efﬁciency mainly depends on the depth of the germanium 6rysta1.
The K-edge of the germanium mass attenuation coefficient seen in Figure 5.1 does
not appear in the detector efficiency curve due to the thickness of the germanium
crystals. In fact, it only takes a 300-um thick layer of germanium to absorb 99% of
all x-rays with an energy just below the germanium K—edge, i.e., just below 11.1 keV.
However, right above the K edge the detector efficiency shows a little dip. The effi-
ciency drop is caused by the increased probability for characteristic K-shell x-rays to
escape the germanium crystal since the mean absorption depth of x rays with energies
slightly above the K edge is much smaller tha_n of characteristic K-shell x rays. In
the low-energy regime the efficiency is dominated by the thickness of the beryllium
window. The design of the window has to withstand the pressure difference between
the evacuated capsule and the outside pressure. Thus, the window thickness and the

crystal size are correlated parameters.

5.1.2 Detector resolution and apparatus profile

The detector resolution is determined by the jitter in the current pulse which is
detected upon impact of x-rays of constant energy. This jitter depends on the x-ray
energy. For photon energies (F) up to 1.5 MeV, the following approximate expression

is useful for predicting the resolution of a germanium detector:
AE = N2+ EE

with  £=12eV .
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Figure 5.2: Efficiency of the germanium detectors listed in Table 5.1 in the domain
of the x-ray energy. The absorption probability of a low—energy x-ray is dominated
by the thickness of the beryllium window. The eﬁiciency in the high—energy regime
is determined by the thickness of the germanium crystal. The dip in the detec-
tor efficiency right above the K edge of germanium is due to the increased escape

probability of characteristic KK-shell x rays.

The energy resolution AE is defined as the full width at half maximum (FWHM) of
the spectral line. The noise line width N describes the minimum line width achievable
and, thus, is a detector specific quantity. The noise line width includes the dependence
of the resolution on the impurities in the germanium crystal, which affect the energy

required to create an electron—hole pair in the crystal, and on the spatial distribution
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of the electrical field strength across the crystal volume. Furthermore, the detector
resolution is sensitive to changes in the temperature of the crystal, and to fluctuations
in the count rate. These factors affect the energy required for an electron-hole pair
production in the germanium crystal, and the mobility of the charges in the crystal.
Electronic noise in the data acquisition process adds to the jitter in the current pulse
signal, too. The energy resolution of the germanium detectors listed in Table 5.1
was calculated using eq.(5.7) and the result is shown in Figure 5.3 together with the
resolving power, N>R

Within the energy regime of interest for atomic physics such a resolving power is
not sufficient for measurements involving the line profile chafacteristic to the observed
x-ray source. The appearance of all observed lines is dominated by the apparatus
profile. This apparatus profile of the germanium detector is asymmetric combining
the statistical, thus, symmetric broadening of the line due tb electronic noise and
charge production sfatistic in the germanium crystal with asymmetric components,
i.e., a low—energy tail due to field strength reduction caused by the produced charges
and incomplete charge collection in the germanium crystal, and a higher background
at the low—energy side of the observed line due to escape peaks. The probably best
description of the actual peak shape has been developed by Gunnick et al. [86, 87, 88|
here at the LLNL24. Accounting for the symmetric and asymmetric components their

line profile has following analytic form:
z-7%)2 = C!I—Ezz
f(.'L’) = yo e——-( 207)— + ayo eb(I’x) [l — e_ 20 ] H(E — :E) y (5'8)

where Z is the line centroid with the amplitude ¥4, and a, b, and c are the free
parameters for fitting the low—energy tail. H is the Heaviside function which takes on
the value' 1 for positive arguments, i.e., Z — z > 0, and 0 otherwise. Thus, the second
term only contributes to the low—-energy side. A somewhat refined version of this

profile was incorporated in a software package written by D.A. Knapp, and used for

24 A concise discussion of this line profile can be also found in Ref. [89] which might be easier

accessible than the technical report cited above
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Figure 5.3: Intrinsic resolution and resolving power of some germanium detectors

listed in Table 5.1 in the domain of the x-ray energy.
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the analysis of al} spectra taken with a germanium detector, e.g., the measurement
of the xenon Ly—a; transition energy presented in Section 7.2, page 175.

The germanium detectors are the work horses at the Livermore EBIT facility.
Their broad spectral range makes them the perfect tool for performing a spectral
survey of the x-ray radiation emitted by the trapped ions. Additional advantages are

the easy setup and the transportability of these detectors.

5.2 High-resolution crystal spectrbmeter

In crystal spectrometers the internal crystal structure is used for spectral decomposi-
tion of the observed x-ray radiation by means of diffraction. Thus, crystal spectrom-
eters are wavelengths selective instruments, in contrast to the solid state detectors
where energy selective principles are applied for spectrally resolving the incoming
radiation. Since the first experimental verification of the diffraction of x-ray [90] and
the first successful implementation of crystals for spectroscopic purposes [91}, a large
amount of different types of crystal spectrometers has been developed. The high res-
olution generally achievable with these diffraction instruments, however, limits the
band width of simultaneously observable x-ray energies. Additionally, the efficiency
is usually lower for crystal spectrometers compared to solid state detectors.

The following Sections focus on only two spectrometer geometries, i.e., the von
Hémos reflection—type geometry |92, 93| and the DuMond transmission—type geom-
etry [94]. Both geometries are based on a cylindrically bent crystal design. The
von Hamos type spectrometer requires position sensitive deﬁection of the diffracted
x rays, which is not the case for the DuMond type setup where the spectrometer is
used as a monochromator. Therefore, the brief overview of the type and properties of
the position sensitive detector ié organized as a part of the von Hamos spectrometer
section. Before describing the properties of the spectrometers a brief introduction to

the theory of x—ray diffraction is given.



5.2.1 X-ray diffraction

Following the suggestions of Ewald [95] the theory of x-ray diffraction can be divided
into four stages regarding the depth of treatment, i.e., the amount of various physical

processes which are accounted for:
e the geometrical theory,
e the kinematical theory,
e the dynamical theory, and
e the quantum theory of diffraction.

In the simplest approach, the geometrical theory, the crystal is considered as a perfect
infinite three dimensional structure. Calculating the difference in the optical path be-
tween the scattered perfectly monochromatic x-ray wavelets allows to determine the‘
directions uhder which the wavelets constructively interfere and, thus, the diffracted
x rays appear. Considering only one specific lattice orientation and only one x-ray
wavelength determines completély the direction of incidence and scatter with respect
to ithe lattice planes defined by the given orientation. The relation between the wave-
length A, the angle of incidence 0 and the distance between the lattice planes d is

given by Bragg’s law {91] , which has the form:
‘n\ = 2dsinf , « (5.9)

with n being the order of diffraction. Including the dependence of the index of

refraction on the x-ray energy modifies Bragg’s law to [96]:

200\ | . |

nA = 2de |1 — 9 (% sinf , (5.10)
A\ n /. .

where d, denotes the lattice spacing at x-ray energies far above any resonance line

of the crystal, n the order of diffraction, & the_deviation of the refractive index u from

unity, i.e., § = 1 — u, A the wavelength of the x rays in air, and 6 the Bragg angle.:
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Note, that instead of varying the wavelength according to the index of refraction this
equation introduvces a variable lattice spacing which depends on the wavelength and
order of diffraction. By comparing eq.(5.9) and eq.(5.10) this variable lattice spacing
can be expressed as a function of the order of diffractipn and the wavelength, i.e.,‘

Uy = 2o [1 0 (Z—d%” . (5.11)

T2\ n

Usually, the factor § is much smaller than one and, thus, the variable lattice spacing
2d, » is a only slowly changing function with respect to lambda. An observable
impact of the effect caused by the index of refraction on the 2d spacing has only
been encountered when comparing spectra which were taken at différent orders of
diffraction (see Section 6).

The next stége, the kinematical theory, accounts for the spatial limitation of the
crystal structure. This modifies the spatial frequency of the scattering centers, i.e., the
atoms, allowing more relaxed conditions with respect to the directions of diffraction.
Thus, these directions are defined by an angle distribution § + Af instead of only a
single angle. Quantities like the resolving power of the crystal become accessible with
this approach. The kinematical theory, however, still lacks some fundamental aspects,
such as conservation of energy. This problem of energy transfer from the incident x—
ray beam onto the crystal and to the various reflection beams or transmission beams
is addressed by the dynamical theory. The quantum theory of diffraction, too, includes
the conservation of energy since the x-ray radiation field and the state of the crystal
are considered as parts of one single system'. Balancing the total energy allows an

estimate of the crystal’s reflectivity, for example.

5.2.2 Reflection—type spectrometer von Hamos geometry

The crystals employed in reflection—type spectrometers are cut in such a way that the
lattice planes of interest are parallel to the crystal surface, i.e., the front side of the

crystal. The incoming and the diffracted x rays are, thus, in the same half space with
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respect to the crystal surface. The reflection-type geometry was the geometry of the
~ prototype of crystél spectrometers develope(i by the Bragg’s®® [91]. The advancement
in the von Hamos design [92, 93] is the implementation of a cylindrically curved in-
stead of a flat crystal, where the curvature of the crystal is along the “non—dispersive”
direction, i.e., the directi‘on given by the trajectories of constant Bragg angle. The
axis of the cylinder, which describes the crystal’s curvature, defines the optical axis
of the von Hamos geometry. Therefore, the center of the spectrometer entrance slit
and ‘the center of the detector should be a part of this axis. The principal setup of
a von Hémo)s spectrometer is shown in Figure 5.4. With the crystal curved along
the non—disﬁersive direction an image of the slit is obtained at location of the opti-
cal axis. This enhances the intensity tremendously in comparison with a flat—crystal
spectrometer. The von Hdmos design, thus, opens the window on high-resolution
measurements since the detected intensity is no longer indirect proportional.to the
square of the entrance slit to detector distance.

‘Due to the special source geometry of EBIT and SuperEBIT, i.e., the 12.7-mm
high and less than 100-um wide accessible electron beam trap region, no entrance slit
is required for the implementation of a von Hdmos spectrometer since the trap region
itself qualifies as a slit. Although the trap region is imaged onto the plane defined
by the electron beam and the optical axis the standard von Hamos spectrometer
setup at the EBIT facility is based on a detection of the diffracted x-rays within a
plane which is basically perpendicular to the incoming x-rays. This modification is
nécessary due to the use of a gas—filled proportional counter instead of an x-ray film.
The gas—filled detector, however, has a signiﬁcant depth and, therefore, the “correct”
setup would introduce a large decrease in the resolving power due to the parallax

effect. A typical von Hamos setup at the EBIT facility is sketched in Figure 5.5.

Using the notation introduced in this Figure, the angular range observable with this

- ?Father William Henry and son William Lawrence Bragg;
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Figure 5.4: The axis of the cylinder which describes the curvature of the crystal
(radius R) is the optical axis of the von Hamos spectrometer setup. All x rays
emitted form the point where the source intersects the optical axis (£ = = { = 0)
hit the crystal at a Bragg angle @ which is solely determined by the distance between
the source point and the crystal surface and, thus, by the coordinate £ of the x-ray
impact position. The wavelength—selective images of this point are formed along the
optical axis. For an extended source, however, the Bragg angle depends on the angle
x and the image becomes distorted. These aberrations are smallest if the source

extends in the “non—dispersive” direction as sketched in this Figure.

spectrometer is either

4w, R sindy

té gmax - Hmin - P 5.12
an ( ) 4 R? — w,? sin?4, (5.12)
assuming that the limitation is given by the width of the crystal w,, or
: in 8
a0 (Bas — Omgn) = —2 e t2 5000 (5.13)

2 .
4 R? — ¢ sin® 6,
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Figure 5.5: A sketch of the EBIT/SuperEBIT device is shown in a cross section
with the electron beam in the center of the device and perpendicular to the page.
Geometric quantities impdrtant to the von Hamos spectrometer setup are: the radius
of the crystal curvature R, the various Bragg angles 6, and the crystal and the
detector width w, and wy, respectively. The detector plane £; and the orientation
of the spatially resolved direction z4 are used for the determination of the imaging

properties of the von Hamos geometry.

when the limitation is due to the width of the detector window. The position sensitive
detectors used for the von Hamos spectrometers at the EBIT facility have a window
which is twice as wide as the crystals and, thus, the angular range is always limited
by the crystal width: The minimum and maximum Bragg angle achievable with this

setup are
' tan dp

e 5.14
1 4+ 2% tanfy (5.14)

tan emin,maz =

which together with the 2d spacing of the crystal gives the minimum and maximum
wavelength of the observable x—ray band according to eq.(5.9).

For the determination of the dispersion the two quantities z4 and €4 are introduced,
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where the first just defines the orientation of the spatially resolved direction and &4
denotes the detector plane as seen in Figure 5.5. The Bragg angle 0 of a line detected

at the location z on the detector is

T

0 = 0, + arctan ( % sin 00> . (5.15)

—x
2R
where 8, is the Bragg angle of the x-ray beam which would be perpendicular to the
position sensitive detector plane g4 and would hit the detector at the position zy. For
crystals with a large radius of curvature with respect to the spatial separation of the
lines in the detector plane, i.e., 2R > (x—zy), the angular dispersion becomes a linear
function of the line position z on the detector. The dispersion with respect to the
wavelength involves again the sine function and, therefore, is usually not linear in the
domain of z. Ideally, there are only two calibration lines necessary for determination
of the parameters 6, and z,. The measured uncertainties, however, have a significant
impact on the solution for these parameters and the use of more calibration lines is
always advisable.

The resolving power of the von Hamos spectrometer depends on several compo-
nents which include the spatial resolution of the detector, the resolving power of the
crystal; the spatial extension of the x-ray source, and the imaging aberrations due to
the spatial extension of the x-ray source. The imaging aberrations have a decreasing
impact on the resolving power especially, if the detector can only resolve one spatial
dimension, as is the case for all position sensitive proportional counters at the Liver-
more EBIT facility. A detailed discussion of the resolving power in connection with
a measurement is presented in Section 6.1.1.1, and only the imaging aberrations are
considered in following. The imaging properties derived by von Hamos [92] allow the
calculation of the location of the imaged point with respect to the .direction given by
the optical axis £ as a function of the source point position % and ¢ (see Figure 5.4
for the geometric assignment of these coordinates). Assuming that the source is part

of the v axis, i.e., ¢ = ¢ = 0 for all source points, the distance £ at which the image
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appears is

; ;
) —¢?cos’x (5.16)

¢= R—2¢sinx tand,

where 0 < 2y < 7 is the polar opening angle of the crystal seen from the optical

-_ 2 (R —siny) \](R—ysinx

axis.?® Figure 5.6 shows the'deviation_ in the distance & with respect to the image of the
source center (£(y)—£(0)) as a function of the height of the source point ¥ for several
different radii R. The accessible height of the electron beam region is marked with
dashed lines. Using a deteéfor with only one dimension of spatial resolving power
introduces a line spread due to the integrated measuring technique along the non-
resolving dimension. The calculations which were performed assuming Bragg angles
of 28° and 45° show that the line spread caused by the imaging properties of the von
Hamos geometry can is below the 100 ym regime for most arrangements, except for
the 30—cm curvature c;rystal geometry, where the maximum deviation from the image
of the source center is 130 um at a 45° Bragg angle. This deviation is symmetric
with respect to theboptical axis and, thus, the imaging properties of the von Hamos |
‘geometry introduce an asymmetric line broadening, which strongly depends on the
 radius of curvature 6f the crystal and less strongly on the Bragg angle.

Howevef., the discussion about the resolving power of the von Hamos spectrometer
‘in context with the measurement of the Ka radiation of highly charged krypton in
Section 6.1.1.1 reveals that the source image aberrations are only of minor impor-
tance and is much less than, for example, the line broadening caused by the spatial

resolution of the detector, discussed below.

5.2.2.1 Position—sensitive proportional counter

The von Hamos geometry requires position sensitive detection of the diffracted x-

rays. The low x-ray flux at EBIT/SuperEBIT, however, makes it an experimental

%71n the original version [92] the radius R is set equal to one. Note, that the quantity y; in von
Hamos’s paper is treated as a negative number and, thus, at the beginning of eq.(1) it should state

OIP1 = —y;.
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Figure 5.6: Position of the imaged source points with respect to the image of the
source center, £(3) — £(0). The deviation from the ideal position is plotted as a
function of the vertical distance from the optical axis. The graphs were rotated
for better visualization of the effect of the vertical extension of the x-ray source,
i.e., the hight of the electron beam trap region hrre,. The image positions were
calculated according to eq.(5.16) with Bragg angles of (a) 45° and (b) 28°. The
radii of curvature are the different radii currently available at the Livermore EBIT

facility.
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challenge to find the fine line of sufficient resolution, optimized counting efficiency,
and low backgrduhd. The detector type best suited and most flexible with respect to
this compromise is a gas—filled proportional counter.

The detection mechanism is based on the ionization of an atom or molecule of the
gaseous medium in the detector due to photon impact. This is equivalent to the pho-
toelectric absorption in the solid state detectors discussed under Section 5.1.1 above.
The ionization probability depends, like the probability of photoelectric ahsorption,

| strongly on the atomic nﬁmber' of the elements in the gas with which the x-ray pho-
ton interacts. Therefore, the noble gés elements are the preferable choice. Having
a gas which is chemically inert with respect to all substances used in the detector
design is an additional advantage. The much lower density of the gaseous medium
in the proportional counters versus the solid state crystal in the germanium detector
~ yields a much lbwer attenuation of the incoming x rays assuming similar geometric
extensions, of course. Additionally, the efficiency loss due to the escape of charac-
teristic innershell x-rays emitted by the photoionized gas atoms.is more pronounced
than in the solid state detectors Compensating the lower attenuation by increasing
the detector volume would lead to a decrease in the spatial resolution achievable.
Increasing the gas density, however, improves the detection efficiency while. keeping
the detector dimensions constant. |

The detection of the x-ray. photon is, thus, converted into the detection of the
jonization products, i.e., the ion and especially the photoelectron The electrons and
lons are accelerated by an electrlcal field which is applied across the gas—ﬁlled de-
tector volume. The electrons gain enough kinetic energy to ionize more neutral gas
particles on there way to the anode which is an array of thin wires. The magnitude of
this avalanche of electrons is very sensitive with respect to the electrical field strength
and, thus, the high voltage which is applied to the detector’s electrodes. Admixinga
so called quenching gas, e.g., methane or isobutylene, provides some internal protec-

tion against the startup of self sustaining discharges that could destroy the extremely
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thin anode wires of the detector. The controlled micro discharge created after ini-
tial photoionization is a detectable current pulse, and the amplitude of this pulse is
proportional to the energy of the ionizing x-ray photon, assuming that the current
pulse profile is a constant quantity. Due to this electron avalanche the distribution
of the electric field strength is not as homogeneous as in the case of the germanium
detectors. Therefore, the pulse in a gasfilled detector has a much broader response
with respect to the pulse hight signal, and the resolving power of the gas-filled detec-
tor as a spectrometer by itself is much lower than that of the germanium detectors.
However, the resolving power is sufficient for using the pulse height distribution of the
detected signal as a tool for the suppression of background counts, i.e., the low-energy
noise counts and the very high-energy pulses generated by gamma rays.

The design of the position sensitive proportional counters used with the von Hamos
crystal spectrometer is similar to the “Kallne” detector [97] which was designed for
soft-x-ray applications. Several modifications have been made allowing the efficient
detection of higher x-ray energies [98], e.g., ‘the 13-keV photon -energies emitted
by n = 2 — 1 transitions in heliumlike krypton (see Sectien 6.1). The proportional
counter has an active volume of (95 x 30 x 4) mm? and is filled with 70% (by volume)
xenon and 30% methane. The pressure in the detector is 5.38 bar (78 psig) above
atmosphere. After three purging cycles, i.e., carefully filling and releasing the gas, the
amount of residual gases in the detector is below 1% , and the final xenon-methane
gas pressure is roughly 6.4 bar. The high pressure requires a 1-mm thickness of the
beryllium window which is mounted on a stainless steel lid that includes a support
structure for the (95 x 30)—mrﬁ2 window. This support structure is a set of three
horizontal ribs 1.5 mm in height which block out 15% of the incident x rays.

The anode consists of eight paraliel very thin gold wires and is placed exactly
between the cathode and the beryllium window. The latter acts like the cathode on
ground potential. The symmetric arrangement is crucial for the homogeneity of the

electrical field across the active detector volume. The key to the position sensitivity is
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a cathode delay line etched on a pfinted circuit board. When the electron avalanche
hits the anode wires it induces a mirror charge at the equivalent position of the
cathode. Both ends of the anode and of the cathode are connected to the power
supply and signal processing units, respectively. Thus, the current pulse travels in
both directions. The time difference between the arrival of the first “half pulse” at
one end of the delay line and the second “half pulse” at the other end depends on
the location of the electron avalanche impact. Due to the delay line design of the
‘cathode electrode the time difference becomeé a coxﬁfortably detectable quéﬁﬁity. In
particular, it takes about 160 ns for the pulse to travel from one end to the other end
of the deléy line. Basically, the longer each loop®” of the cathode delay line and the
narrower the path oh the printed circuit board, the better the spatial resolution. The
spatial resolving power of the current proportional counter design is, actually, limited
by the width of the elecpron avalanche at the location of the anode wires. This
final size of the micro discharge is proportional to the gas pressure and indirectly
proportional to the strength of the electrical field. It also depends on the spatial
distribution of the photoelectrons initially created by the x-ray impact. The range
’of the photoelectrons increases with x-ray energy but decreases wiﬁh gas pressure.’
For the determination bf the detector’s spatial resolution a 51-um slit collimator
was designed with a special mount for x-ray sources, contained in a 5-mm diameter
capsule. The collimator is attached to a high—precision translation stage allowing the
characterization of the detector resolution as a function of the position and the de-
termination of the spatial dispersion of thev experimental setup. Figure 5.7(a) shows
_ the result of such a measurement, i.e., the narrow lines detected from a 55Fe source
mounted on the back of the collimator as a function of collimator position with respect
to the dispersive (horizontal) direction of the detector. The widths of the recorded
lines range from a minimum of 145 pam, in the center, to 200 ym at the edges of

the active detector area. The intrinsic w1dth of the lines, i.e., the width of the colh-

27The loops are perpendicular to the anode wire array for optimized spatial resolution.
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mated beam at the position of the anode wires, is 120 um. The detector resolution is
determined by thé deconvolution of measured and intrinsic profile. A éimp‘le approx-
imation by assuming Gaussiah line profiles yields a detector resolution of 80 um, in
the center, to 160 um at the edges. This is about two times better than the spatial
resolution of the low—pressure version (= 1 bar over pressure) [57]. A comparison
between the high—pressure and the low-pressure version of the proportional counter

with respect to some characteristic parameters is given in Table 5.2.

Table 5.2: Comparison of some characteristic parameters of a position sensitive
proportional counter as a function of gas pressure. The detector has an active
volume of (95 x 30 x 4) mm3 and is filled with 70% (by volume) xenon and 30%
methane. The parameter “over pressure” lists the pressure above oné atmosphere.
The values for the low pressure version were measured by Dave Vogel [57]. The

efficiency value accounts also for the absorption in the beryllium windows.

parameters high low

over pressure (bar) 5.38 (78 psig) 1.1 (16 psig)

Be window (mm) 1.0 0.127
Anode voltage (kV) 4.5 2.3
spatial resolution (pm) 80 - 160 155 - 300
efficiency at 13 keV (% ) 55 20

The spatial dispersion was determined by evaluating the line centroid positions as
a function of the position of the high—precision translation stage. A deviation from
the expecteci linearity is an important piece of information for accurate spectroscopic
measurements. The measured spatial dispersion is actually the dispersion of the
whole. setup, including the signal processing equipment. The measured deviations
from exactly linear behavior — plotted in Figure 5.7(b) — show a maximum value

of 25 um at the edge of the active area. The overall deviation from linearity is
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0.1% . Another important property is the uniformity of the detector response with
respect to the eﬂiéiency. This detector characteristic was measured by placing a non
collimated 55Fe source one meter from the detector window, along the line of sight, i.e.,
perpendicular to the window. The recorded ihﬁensity proﬁlg represents the spatially
resolved counting efficiency. The result displayed in Figure 5.7(c) shows two non
uniformities around channel numbers 825 and 1050. These 10% variations from the
ideal flat response are due to impedance mismatches along the strips of the cathode
delay line. Thus, magnitude and location of these dips are characteristic¢ to each
cathode board.

For implementaﬁon of the gas—filled detector in long time experiments continuous
mai‘ntena,noe regarding the composition of the detector gas is necessary. Due to
outéaSing of all parts inside the detector, the. fractional amount of the desired detector
gas mixture decreases over time, especially for low—pre\ssure detectors. The change
in the gas composition usually reduces the number of photoelectrons created upon
impact of an x-ray photon of given energy and, thus, the detected pulse height. The
pulse height distribution, however, is used for the suppression of background counts by
setting gates around the x-ray energy, i.e., the pulse height, of interest. Therefore, a
shift in the pulse height response of the detector might significantly distort the sigﬁal
to noise ratio and perhaps line intensity ratios. Periodically purging and refilling
the detector keeps this systematic uncertainty at a minimum. In fact, most of the
detectors have a “built-in” purging an refilling mechanism due to unavoidable small

gas leaks.

5.2.3 Transmission—type spectrometer DuMond gedmetry

Successful implementation of high—resolution crystal spectrometer for observation of
x-ray radiation of energies in the 30-keV range and higher requires a different spec-
trometer type — different from the von Hémos and flat—crystal spectrometers based

on reflection of the x-rays — due to the low x-ray flux emitted by the SuperEBIT
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Figure 5.7: Spatial resolution, linearity, and uniformity of the gas-filled position
sensitive detector response. The spectrum (a) represents the sum of a series of
measurements with a collimated 5*Fe source mounted on a high—precision translation
stage. The deviation of the fitted line centroid positions from linear behavior with
respect to the translation stage readout is shown in (b). Placing the non collimated
5%Fe source one meter from the detector window yielded spectrum (c). The dips
around channel numbers 825 and 1050 are due to impedance mismatches along the

strips of the cathode delay line of the detector.

91



device, which basically prohibits the use of higher orders of diffraction. Besides the
reduced crystal reﬂectivity at small Bragg angles, crystal spectrometers that depend
on spatially resolved detection of the diffracted x rays also suffer from the tremen-
dous decrease in efficiency of the positibn sensitive detectors at higher x-ray energies
|98]. Thus, for the hard x-ray regime a transmission-type crystal spectrometer was
developed based on the DuMond design [94]1 The choice for a transmission-type spec-
trometer was encouraged by the larger solid angle achievable with the same crystal
geometry due to the perpendicular orientation of the lattice planes with respect to fhe
crystal surface, as seen inf Figure 5.8. Additionally, the efficiency of the diffraction
for small Bragg angles® is supposedly higher in transmission than in reflection [99)].
The DuMond geometry, which employs-a cylindrically bent crystal, requires that
the radius of curvature of the-cfystal is the diameter of the so—called Rowland circle
and that the lce'nter of the source (or spectrometer entrance slit) and the center of
the crystal are part of this circle. A sketch of the geometric requirements is shown in
Figure 5.9. A crystal that is curved in such a way offers the incoming x rays a much
larger area with the same Bragg angle in comparison with a flat crystal. Thus, the
curved design increases the spectral throughput, i.e., the transmitted flux per energy
interval, tremendously. Correct curvature and placement also strongly reduce the
overall bandwidth of the diffracted x rays. ‘The goal of the SuperEBIT transmission
“spectrometer design was to reduce this bandwidth such that the spectrometer can be
used as émonochr_omator, where no spatially resolved detection of the diffracted x rays
is necessary and detectors with almost 100% counting efficiency can be used, like high—
purity germanium detectors. The energy dispersion of the germanium detector in such
an arrangement serves as a tool for the suppréssion of the background radiation. The
efficiency and the achievable resolving power of this transmission-type spectrometer

are important parameters with respect to the feasibility of this instrument.

28For the transmitted diffracted x rays the angle between the incoming x rays and the lattice plane

of interest is also referred to as “Laue angle” instead of Bragg angle.
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Figure 5.8: For the same crystal geometry and small Bragg angles, i.e., high x-ray

energies, the solid angle €2, accessible using a reflection-type crystal is much smaller
than the solid angle available in the transmission—type geometry, ;. The ratio of
the solid angles (€;/€2. is proportional to the cotangent of the Bragg angle of the

center beam 6.

5.2.3.1 Resolving Power

The resolving power, A\/A\X or E/AE, is usually. inferred from the full width at half
maximum of a recorded spectral line, of which it is known that the line broadening is
dominated by the instrumental properties, i.e., by the apparatus profile. In designing
the spectrometer, the resolving power was calculated from the bandwidth of the

diffracted x rays, or, more specifically, the part of the diffracted x rays that hits the
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Figure 5.9: Geometric requirements of the DuMond-type crystal spectrometer. The

curvature of the cylindrically bent crystal R tq; equals the diameter of the Rowland
circle. Placing the center of the source and the center of the crystal on the Rowland
circle defines the distance between these points as a function of the central Bragg

angle 0y, in particular, Ds = Ryq; cosy.

detector, weighted by the expected spectral intensity. The calculations are based

purely on the geometric quantities of the instrument and the source, and the x rays
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were traced with the tools of geometrical optics only. The result is presented in two
ways. First, as 5 contour plot showing the isoenergetic lines in the detector plane,
i.e., the lines along which the incoming x rays have the same energy. The energy
values listed in these plots are the energy differences with respect to the energy of
interest. And second, as a line profile graph, which is obtained with a finite—element
method. The profile is based on a simple numerical model where the source is divided
in equal volume elements and it is assumed that the emitted flux is the same for all
volume elements. For each of these finite elements the energy distribution of the x
rays on the detector plane is calculated. Sorting the calculated values according to
their energy values allows a concise presentation in form of a histogram containing the
number of “counts”, i.e., calculated values, within a predefined X-Tay energy interval.
The line width of this calculated intensity profile is an appropriate measure for the
instrumental resolution.

The calculations were customized for estimating the resolving power of the transmission—
type crystal spectrometer wiﬁh respect to the high-resolution measurements of the
Ko emission of heliumlike and hydrogenlike xenon of interest to the present work.
Thus, the 30630-eV 1s2p P, — 152 1S, transition in heliumlike xenon was taken as the
x-ray energy of interest®®. Two different crystal curvatures were considered, ﬁtilizing
in both cases a quartz crystal with a (1340) orientation, cut for transmission—type
applications. The 2d spacing of this crystal is approximately 2.36 A[101] and, thus,
the Bragg angle for the diffraction of the 30-keV x rays is around 10°. The calcu-
lations also account for two different detector sizes, a 16-mm diameter (200 mm?)
and a 36-mm diameter (1020 mm?) germaniurh detector, respectively. For the sake
of simplicity the two sets of calculations will in following be referred to as SE28 and
SE37. An overview of the various geometric quantities is giveh in Table 5.3 and
graphically in Figure 5.10.

The geometrical ray tracing methods were also applied for determining the impact

29This theoretically predicted value for the transition enérgy was taken from Cheng et al. [100].
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Table 5.3: Geometric quantities necessary for the estimation of the resolving power
of a transmission—type spectrometer setup. Two different setups arebconsidered for
the calculations, named SFE28 and SE37. For both measurements a quartz (1340)
crystal was used which has a 2-d spacing of 2.3604 A[101]. The x-ray energy
of interest is 30630.36 eV, which is the 1s2p'P, — 15215, transition energy in
heliumlike xenon according to Cheng et al. [100]. The Bragg angle, thus, equals
0.8741°. Ry, is the radius of curvature of the crystal, Ds the distance between
the crystal and the electron beam, Dy the distance between the cfystal and the
detector, and A.ss the detector area. A cylinder of 12.7 mm height and 90 pm
diameter represents the x-ray source, i.e., the spectroscopically accessible area of

the SuperEBIT trap region.

Quantity SE28  SES37
Ruto (mm) 27138 2511.4
D, (mm) 2673.6 2474.2
Dy (mm) 130 215
Aers (mm?) 201 1018

of misaligned components onto the resolving power. Such a simulation is extremely
Jimportant since it determines which instrumental features are the limiting factors in
the spectrometers performance and, thus, have to receive utmost attention during the
adjustment procedure. The variable parameters implemented into the x-ray tracing

model are:

e orientation of the crystal and of the lattice planes with respect to the crystal

surface;
e size, position, and orientation of the x—ray source;

e size, position, and orientation of the detéctor; ’
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Figure 5.10: Sketch of the geometric components important for the calculation of
the transmission spectrometer’s resolving power. A cyindrical coordinate system
(r,p,2) centered at point M describes the curvature of the crystal Ru¢ ;- The Bragg
angle @ is defined by the triangle (M, P, Prta1), where Ps is the point of x-ray
emission and P the location of x-ray impact on the crystal. The energy of the
diffracted x rays at the point of intersection Pge with the detector area Aqpp was
determined as a function of the distance Ds, the location of the x-ray emitting
point P, with respect to the coordinates (s, ¥s, zs), and the crystal orientation with
respect to the Tpyq; (tilt), Yrtar (twist), and zzia (turn) axis. These calculations allow
the estimation of the sensitivity of this arrangement with respect to experimental

uncertainties in the adjustment of the components.

Each component has its own coordinate system and. thus, the motions tilt, twist,
and turn are defined as rotational niotions relative to the x, y, and z axis of the
component’s coordinate system, respectively.

| Starting with the assumption of perfect alignment and choosing the origin of the
source coordinate system, which\ in this case is part of the Rowland circle, as the
location of the emitting x rays yields an incredibly small band width. In particular,
the difference between the x-ray phbt-ons with the highest and the lowest energy that
hit the detector is only 0.12 eV for the SE28 setup, and 0.7 eV for the SE37 setup
utilizing a five times larger detector area. The energy distribution across the detector

plane is shown as a contour plot in Figure .5.11(a) and Figure 5.12(a) for the SE28
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and SE37 setup, respectively. The actual detector area is marked by a circle in the
plots “(f)”. '

The effect of a variation in the distance between the source and the crystal is
shown in the plots (b) and (c) of those Figures. Assumiﬁg some arbitrary initial
uncertainty in this distance D, of a couple of millimetérs the source was “moved”
by five millimeters in the y, direction (See Figure 5.10). For the SE28 the energy
distribution in (b) is based on a distance of D, = 2670 mm, i.e., 3.6 mm inside
the Rowland circle. Since the misalignment is restricted to the horizontal plane it
affects mainly the energy distribution in horizontal direction which now exhibits a
much stronger gradient and an overall energy difference of 1.3 eV. Moving outside
the Rowland circle has an equivalént effect. Plot (c) is the result assuming a distance
of Dy = 2680 mm which is 6.4 mm from the ideal location. Again the energy band
width is dominated by the gradient in horizontal direction. As expected, the sign of
the deviation from the energy of interest changes when cros‘sing the Rowland circle.
The maximum difference between the x—ray photons which hit the detector is 2.3 V.

The Figures 5.12(b) and (c) display the equivalent scenario for the SE37 geometry.
| Ideally, the distance between the crystal and the source should be Ds = 2474.2 mm,
as it is the case for the energy distribution calculation in (a). Decreasing the distance
by 4.2 mm yields the distribution plotted in (b), which shows a maximum energy
difference of 3.8 eV between the left and the right edge of \t“lhe detector area. Moving
the source 5.8 mm outside the Rowland circle increases this energy difference to
5.6 eV, as shown in (c). |

Another test of the sensitivity.of the spectrometer setup with respect }to uncer-
tainties in the adjustment} assumes a one—degree tilt of the crystal, i.e., a rotation
around the crystal’s X axis (Zze) of 1° such, that the top part of the crystal pbints
away from the source. the bottom part, thus, is slightly closer to the source. The
source—to-crystal distance is assumed to be at D = 2675 mm for the SE28 setup and

at D, = 2475 mm in SE37. This type of misalignment causes a dominant deviation in
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Figure 5.11: Distribution of the deviation from the 30630-eV x-ray energy of
interest for the diffracted x rays across the detector area which is 16 mm in diameter,
see the circle in plot (f). These calculations are based on the geometry denoted
SE28 in Table 5.3. Assuming perfect alignment yields the distribution shown in
(a) (Ds = 2673.6 mm). The contour plots (b) and (c) represent the distributions
when the source is not part of the Rowland circle (Ds = 2670 mm and 2680 mm,
respectively.). The effect of tilting and twisting the crystal by 1° is shown in (d)
and (e). All but the calculation presented in (f) consider the center of the source
as the location of x-ray emission. “Placing” the point of emission to the top edge

of the source volume yields the energy distribution shown in plot (f).
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Figure 5.12: Distribution of the deviation from the 30630-eV x-ray energy of
interest for the diffracted x rays across the detector area which is marked by the circle
in plot (£). These calculations are based on the geometry denoted SES7 in Table 5.3.
Assuming perfect alignment yields the distribution shown in (a) (D = 2474.2 mm).
The contour plots (b) and (c) represent the distributions when the source is not part
of the Rowland circle (D = 2470 mm and 2480 mm, respectively.). The effect of
tilting and twisting the crystal by 1° is shown in (d) and (e). All but the calculation
presented in (f) consider the center of the source as the location of x-ray emission.
“Placing” the point of ‘emission to the top edge of the source volume yields the

energy distribution shown in plot (f).
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the vertical direction as seen in Figure 5.11(d) and Figure 5.12(d). The comparably
smooth gradient in horizontal direction is due to the “non-perfect” Ds values. Sur-
prisingly, this rather small tilt shows so far the strongest impact with respect to the
energy spread of the counted x rays, in particular, 3.0 eV across the small and 7.0 eV
across the large detector area. If the lattice planes are twisted, i.e., rotation about the
Yztai—axXis, the Bragg angle changes collectively for each point of the crystal. Thus,
even if there is a big offset with respect to the ideal setup, the difference between
the higHest and lowest x-ray energy of the detected photons is relative small. The
distribution shown in the contour plots (e) are based on a one-degree twist but no
tilt. The band width for this case is about 0.6 €V for SE28 and 1.6 eV for SE37. From
Figure 5.10 it is obvious that tilting, twisting, or turning the detector only decreases
the effective detector area by the cosine of the engaged angle. A smaller effective
detector area increases the resolving power but decreases the overall efficiency of the
spectrometer. |

So far, all calculations considered only the center of the source as the point of x-ray
emission. The source geometry encountered at SuperEBIT, however, is approximately
a 12.7-mm high cylinder with a diameter of roughly 90 pm. Placing the source point
at the top “left” edge of the cylinder, i.e., at =, = 45 um and 2, = 6.3 mm. The result
is shown in Figure 5.11(f) and Figure 5.12(f). Choosing a source point on the opposite
side of the (y,, z;) plane, ie., at z; = —45 um yields qualitatively the same result
except of the inverted signs. The energy difference between the detected x-rays due
to the spatial extension of the source is approximately 6.1 eV for the SE28 geometry
and about 6.4 eV for SE37. A

The energy difference values, however, are not representative for the actual distri-
bution of the x-ray energy values. The determination of the resolving power, thus,
requires sorting of the “detected” photons according to their energy. In Figure 5.13(31)
the result of sorting one of the contour plot data fields of the SE37 setup is given in

form of a histogram showing the number of counts with respect to the energy inter-
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val. This intensity plot only accoﬁnts for one single source point. Accumulating the
sorted values for all different source point positions gives the intensity profile shown
in Figure 5.13(b). The setup for this calculation includes a 0.5° tilt of the crystal and
a 5~-mm misalignment with respect to the distance D,. The width of this calculated
intensity profile is only about 3 eV for the prominent peak and about 6 eV including
the wider bottom of this structure, WhiCh ..is significantly less than the 10-eV dif-
ference between the lowest and the highest x-ray energy counted in this simulation.
Taking conservatively the 6 eV resolution the resolving power would be in the order
of 5000. This estimate, however, is based on the assumption that the curvature
of the crystal is perfectly cylindrical. An'indirect measurement revealing the quality
of the crystal curvature by imaging a 25-um point source using visible light with
the cufved quartz crystal lead to a measured image width of 230 um for the crystal
which is implefnented in the SE37 setup. For the image width for the crystal used in
the other set, unfortunately, only én upper limit is available, which is 400 um. The
broadening due to the non-perfect curvature of the crystal has a similar impact as
- the width of the‘source. For the SE37 setup, for example, the band width of the
detected photons is roughly 16 eV, i.e., about 2.5 times larger than the broadening
caused by the width of the x-ray source. The resolving power for the SE37 geometry
is, thus, reduced to 2000. Still about 20 times higher than fhe resolving power of the
best germanium detectors for 30-keV x-ray radiation.

The SE37 geometry was tested using a 1-mCi '33Ba source and a 75-um wide and
12.7-mm tall slit made out of 2.4-mm thick tantalum. The radioisotope **Ba de-
éays by capturing an innershell electron, thus, creating an innershell excited cesium
atom. The characteristic K-shell x rays of cesium are centered around 30974 eV
(Kay) and 30626 eV (Kasy). The spectrum was obtained by rotating the crystal in
small increments and countiﬁg the number of 30-keV x rays which hit the germanium
detector for a certain time before rotating the crystal to the next position. A detailed

discussion about the rotating mechanism is given in Section 7.1.4 on page 169. Fig-
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Figure 5.13: Simulation of the transmission-type crystal spectrometer apparatus
profile. Sorting the number of diffracted x rays which hit the detector according
to their energy yields a histogram which represents.the instrumental resporse with
respect to the intensity profile. (a) is the narrow distribution obtained when con-
sidering a point source only. Accounting for the spatial extent of the source, in
particular, the electron beam trap geometry in the SuperEBIT trap region, gives
the much wider distribution shown in (b). The setup for this calculation includes
a 0.5° tilt of the crystal and a 5~mm misalignment with respect to the distance D

(see Figure 3.10).
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ure 5.14 shows the result of several scans over both lines. The measured line width
of 30 eV contains- the instrumental width and also the natural line width of the ce-
sium Ko radiation which is about 15 €V [102]. Deconvolution of the measured profile
using the 15-eV broad Lorentzian component leads to an instrumental line width of
about 25 eV, which is equivalent to a resolving power of a little bit more than 1200,
therefore, successfully demonstrating the feasibility of this transmission—type cryétal

spectrometer design.

20
: Cs Ka, -

]
|

Counts

Lorentzian M | ’
Gaussian 1

o, 1,000 W1 i 4

LT e R M S 1

0 | |
305 306 30.7 308 309 310 311 312
X-ray Energy (keV) |

Figure 5.14: Highly resolved spectrum of the cesium Ko radiation demonstrating
the feasibility of the transmission-type spectrometer designed for high-resolution

~ hard x-ray measurements at SuperEBIT. The transition energies of the cesium lines
are 30626.3 eV for the smaller Cs Kas transition and 30974.1 eV for the larger Cs
Ka; transition (see also Table 7.19, page 183);
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6 Spectroscopy on heliumlike krypton, K34t

Recent measurements on the Test Fusion Tokamak Reactor (TFTR) at the Princeton
Plasma Physics Laboratory [103] and on the OMEGA Laser system at the Laboratory
for Laser Energetics in Rochester [104] have demonstrated the feasibility of using
highly charged krypton for spectroscopy ;oased plasma diagnostic. Krypton appears
to be the element of choice because its admixture in trace amounts can be precisely
controlled as it was shown at the TFTR experiment. Moreover, it has been already
suggested for use in radiative cooling of the plasma edge region and, thus, for reducing
the heat load at the diverter [105]. In a comparison with low-Z candidates for cooling
purposes, like carbon or neon, higher Z elements are more efficient. Therefore, a
much smaller quantity of higher-Z material is needed for sufficient cooling than when
implementing low-Z materials. In fact, it appears that the effective Z of the tokamak
core plasma can be kept lower when admixing a high-Z versus a low-Z coolant while
achieving the same amount of radiative cooling.

Successful implementation of x-ray spectroscopy as a precise tool for plasma di-
agnostics strongly depends on the availability of a comprehensive, reliable atomic
physics database that includes transition energies as well as excitation, recombina~
tion, and ionization cross sections {106]. The following measurement performed at
EBIT contributes to this database. Applying high-resolution crystal spectroscopy
tools, the energies of the n = 2 — 1 transitions in heliumlike krypton, Kr®*, and
in innershell excited lithiumlike and berylliumlike krypton, Kr¥** and Kr%*, respec-
tively, were determined relative to previously measured transitions in heliumlike iron
and well known theoretical values of the transition energies in hydrogenlike man-
ganese. The first part of this Chapter focuses on the direct excited (DE) transitions
and discusses the inter—order calibration of the heliumlike krypton transition energies.
The measurement presented in the second part is centered around the dielectronic
recombination (DR) lines in highly charged krypton ions, in particular, the separation

and identification of the so called KLL resonances.
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6.1 Measurements of the n = 2 — 1 transition energies of

‘heliumlike krypton

Besides their application with respect to plasma diagnostics, spectra of heliumlike
lons are ‘also a subject of intense research interest from the atomic physics point of
view as mentioned in Chapter 3. Especially high-Z heliumlike ions, as differences
among predictions tend to increase strbngly with atomic number. In the case of
Kr34+,‘for example, which was until reoenﬂy, i.e., until the measurements on highly -
charged xenon presented in Chapter 7, the heaviest heliumlike ion that was inves-
tigated by means of high-resolution crysta.l_'sp'ectroscopy, a significant disagreement
was found between the measured and theoretically predicted values for then =2 — 1
transition energies [107]. In particular, the measurement in Ref. [107] (by Indelicato
et al.) included the 1s2p'P, — 15215, and 1s2p°P1 — 15%'S, transitions in helium-
like krypton. Their result of 13115.45(30) eV and 13026.8(3) eV is by 0.75 eV and

0.48 ¢V separated from the closest currently available theoretically predicted value.

Additionally, the various theoretical values themselves exhibit differences in the same

order of magnitude. Thus, there is a strong interest in remeasuring the energies of

the heliumlike krypton Ka transitions.

6.1.1 Experimental setup

The wavelengths and, thus, the energies of the 1s2p'P; — 1s*1S,, 1s2p°F; — 15215,
1s2p°P; — 1521S;, and 152535 — 132150 transitions in heliumlike krypton (Kr3t)
~have been measured utilizing a high—-resolution vdn—Hé,mos—type crystal spectrometer
(see Section 5.2.2) optimized for operation at the EBIT facility. The spectrometer
was eqﬁipped with a cylindrically bent (200)-LiF crystal with a radius of curva-
ture of 75 cni. The 2d spacing of the (200) oriented lithium fluoride crystal equals
4.027 A|108] or 4.028 A[109]. The difference of 0.001 A is used as a measure for the

uncertainty in the 2d spacing. The impact of the uncertainty in the 2d spacing on the

measured wavelengths is insignificant, since the measurement is based on an “inter-
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nal” calibration using spectral lines of known Wavelength and, thus, does not depend
on the absolute value of the 2d spacing. However, a “good” value for the 2d spacing
is very beneficial to the accurate adjustment of the setup. The implementation of
the von Hamos spectrometer geometry at the EBIT facility is shown in Figure 6.1.

The spectrometer is set to a nominal Bragg angle § = 28°. This setup measures

Gasinjector o

Position sensitive
deteclor

Spectrometer

housing — o

He atmosphere

Figure 6.1: A sketch of the EBIT device is shown in a cross section with the
electron beam in the center of the device and perpendicular to the page. The main
components of the von Hémos spectrometer are the crystal, the position sensitive
detector, and the spectrometer housing. The housing is necessary for applying a
helium gas atmosphere which tremendously reduces the absorption of the low~energy
x rays. The gas injector was used for the introduction of neutral krypton into the
trap region. The germanium detector serves only as a charge balance monitor in

this particular measurement.

the krypton Ka radiation in second order and the Ly-a;» lines of manganese and
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the transitions 152s35; — 1s21Sy and 152s22p'P;, — 15225215, in heliumlilke and
berylliumlike iron', used for calibration, in first order Bragg reflection. The position
sensitive proportional counter was optimized for the energy range of the heliumlike
krypton K-shell x rays (see Section 5.2.2.1, page 84). The operating parameters for
the detector are: gas mixture 70% Xe, 30% CHy; gas pressure 5.38 bar (78 psig)
above 1 atm; active volume 9.5 x 3.0 x 0.4 cm?; thickness of Be—window Imm; applied
voltage 4.2 kV. An efficiency of about 70% for first—order x-ray photons (6.5 keV)
and about 55% for the second-order krypton K-shell x rays (13 i{éV) was achieved
with these detector parameters. The efficiency values include the absorption due to
the Be-windows in EBIT and the detector, respectively. The spatial resolution of the
detector was between 80 ym and »100 um over the whole detector area of interest.
For the observation of the krypton spectra neutral krypton atoms are injected
into the trap region using the continuous gas injector, for details see Section 4.2.1
(pg. 53). The gas injector pressure was in the 1078-Torr raﬁge. Introduction of
manganese and iron into the trap for the calibration of the recorded krypton spectra
was acddmplished with the MeVVA (see Section 4.2.2). In particular, a MeVVA
was constructed with a cathode made from manganese and an iron trigger wire.
In normal operation the MeVVA plasma contains mostly atoms and ions from the
cathode material, which is manganese. Interchanging the electrical leads between |
cathode and trigger allows the iqjection of the trigger material, in this case iron.
Therefore, the calibration measurements of iron and rﬁanganese X rays were made
successively. Due to the independent methods of injection regarding krypton and one
of the MeVVA materials, a krypton spectrum could be recorded simultaneously with
one of thé two calibration spectra. The ionization balance is optimized by choosing an
appropriate electron beam energy, trap depth, cooling gas‘ pressure, and the duration
of the whole timing cycle and each of the cdmponents of the timing cycle, i.e., injection
period (for pulsed mode), “cooking time” (ionization time necessary for reaching the

high charge states), data acquisition time, and the time needed for dumping the “old”
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ions (see also Section 4.4, page 63 and, e.g., Ref. [57]).

6.1.1.1 Resolving power of the von Hamos spectrometer

The most important factors that limit the resolving power of the spectrometer are:
e the spatial resolution of the position sensitive proportional counter,
e the finite size of the source,
e the imaging properties of the von Hamos geometry, and
e the resolving power of the crystal.

Depending on the purpose of the spectroscopic investigation the thermal line broad-
ening is or is not considered being part of the instrumental resolution. Measurements
aiming for quantities linked to the atomic structure are definitely challenged by ther-
mal line broadening and, .thus, it is usﬁally treated as an instrumental component.
By contrast, spectroscopic investigations of plasmas would usually benefit from the
fact that the resolution is “limited” by the thermal broadening. Focusing on the
measurement of the transition energies, however, puts the thermal line broadening
into the resolution-limiting category.

As mentioned above, the spatial resolution of the detector is between 80 pm and
100 pm. The size of the source is given by the diameter of the electron beam which
is roughly 60 um (see Section 4.1.3.1). The line spread due to the imaging proper-
ties is less than 30 pmn, according to Figure 5.6. Thus, without accounting for the
thermal broadening of the spectral lines, the resolving power of the setup would be
(E/AE)geom = 14000 to 16500, where the index geom indicates that only geometrical
quantities have been considered in this estimate. The difference to the measured res-
olution of E/AE ~ 2600 for Fe?** and Mn*'~ in first, and E/AE ~ 4300 for Kr34+
in second order shows that thermal line broadening and the resolving power of the

crystal represent the main limitation regarding the resolving power.
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The operating conditions of EBIT are optimized towards the highest achievable
x-ray flux. The déep axial trapping potential of Voziat = 205 V, and the high beam
current, in particular Jpeem = 180 — 200 mA, however, create ion temperatures on
the order of 700 eV, as shown in a set of measurements investigating fhe thermally
broadened line profile in the emission spectra of heliumlike titanium ions [110, 111].
The corresponding Doppler broadening, full width at half maximum (FWHM), is
about AFET,, — 1.8 eV for the heliumlike Fe?** and the hydrogenlike Mn?** lines,
and about AEr,, = 2.9 eV for the heliumlike Kr** lines. Thé line widths in
the recorded spectra are AF.;p = (2.5+0.1) eV for the hydrogenlike Mn*** and
the heliumlike Fe?** lines and AE.., = (3.05 % 0.05) eV for the heliumlike K34+
lines. The width of the krypton lines is, thus, in good agreement with the expected
ion temperature, which indicates that in second order Bragg reflection the resolving
power is limited by the Doppler broadening, and the line profile is d@minated by the
thermal Doppler effect. In first order Bragg reflection, however, the main component
limiting the resolving power appears to be the crystal.- Therefore, the line profile in
the first order spectra represents mainly the profile of the rocking curve of the crystal.
The fact, that the spectral lines recorded in first and second order exhibit a different
line profile requires the determination of the center of gravity for each spectral feature

in order to successfully apply the inter-order calibration.

6.1.2 Measurements

The electron beam energy was selected far above the excitation threshold of the
transition of interest and, thus, the recorded spectra contain only directly excited
lines and lack ﬁhe presence of satellite lines produced by dielectronic recombination.
In particular, the electron beam energy was set to 19.5 keV for the observation of the
13-keV Ko emission of highly charged krypton. For the manganese calibration the
beam energy was set to about 12 keV, which yielded the highest countrate for the \

Ly-a emission. The iron data were collected at a 9-keV electron beam energy. The
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energy thresholds for producing these ion species are 4.11 keV to ionize lithiumlike
Kr3*, 8.14 keV to fonize heliumlike Mn?*, and 2.05 keV to ionize lithiumlike Fe®+,

The recorded spectra, i.e., the heliumlike krypton K-shell spectrum together with
the two calibration spectra featuring the manganese Ly—c; 2 lines and the 152535 —
15215y, labeled z, and 152s22p'P; — 15225215, labeled 3, transitions in heliumlike
and berylliumlike iron, are shown in Figure 6.2. The spectral lines of the helium— and
lithiumlike ion snecies are labeled according to the notation introduced by Gabriel
|41]. Additionally, several collisional satellite lines of lower charge states are seen both
in the spectrum of Kr and Fe. Some of the lithiumlike and berylliumlike satellites
are labeled (r, q, t, and 3). The analyzed spectra represent data taken in about
44 hours, in particular, 9 hours of observation time was spent for manganese, 5 hours
for iron, 26 hours for krypton, and 4 hours where krypton and iron were collected
simultaneously. Taking the complete data set, shown in Figure 6.2, a countrate of
about 100 counts per hour for the 1s2p'P; — 1s%1Sy, and 45 counts per hour for the
152535, — 15%1G, transition in Kr?** can be derived. For the calibration lines the
countrate was about 230 counts per hour for the Mn Ly-a; line, and 315 counts per
hour for the heliumlike iron transition, respectively.

The wavelengths and transition eﬁergy values of the calibration lines are listed in
Table 6.1. Only the three lines, Fe z, Fe 3, and Mn Ly~a;, are used for the calibration.
These three lines determine both the absolute energy scale and the spectral dispersion.
The remaining iron transitions r, q, and y have not been chosen for the calibration
because there is no published energy or wavelength measurement of r with sufficient
accuracy (in plasma observations r blends with dielectronic satellite transitions), and
because the lines q and y are too ’clése to the/edge of the illuminated area of the
detector. Using the lines q and y as references would add an unknown systematic
uncertainty to the determination of their line centroids. The use of the Mn Ly-a»

line for our calibration was abstained for the same reason .
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Figure 6.2: Calibration spectra displaying the hydrogenlike Mn%+ Ly-a 2 lines (a)
and of some lines of heliumlike Fe?4t (y,z), lithiumlike Fe*** (q,r), and berylliumlike
Fe22+ (3) (b). Both, the manganese and the iron spectra were taken in first order
Bragg reflection. The Krypton Ka spectrum (c) measured in second order shows the
four heliumlike transitions (w, x,y,z), and some lithiumlike (q,r,t) and berylliumlike

: (,6) krypton lines.
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Table 6.1: Wavelengths A and transition energies E of the calibration lines. The
values for the hydrogenlike manganese line, Ly—c, is taken from theoretical predic-
tions by Mohr [112] and Johnson and Soff [27]. The values for the heliumlike and
berylliumlike iron transitions, z and 3, are measured values by Beiersdorfer et al.
[113].

Transition ' A E
| A eV
Mn Ly-o4 2psje — 1s1y2 1.9247230(8) 6441.665(3)—
Fe g8 152822p'P; — 15225215, 1.87035(8) 6628.93(29)
Fe z 152535, — 15215, 1.86812(11) = 6636.84(39

6.1.2.1 Inter—order calibration

An inter-order comparison of spectra has to account for

e the parallax effects in the position sensitive detector due to the different mean

ionization depth.

e the differences in the diffraction images due to the different crystal response,

and
e the change in the refractive index of the crystal material.

The mean ionization depth zi.n is basically the average value of the probability of
absorptipn P.bs(z) of the x-ray photon with respect to the path of penetration z. The
absorption probability as a function of penetration depth, Fuss(z), is the derivative
of the fractional absorption 4 = 1 — e #* introduced in eq.(5.2) on page 69, i.e,

d
Pos(z) = Ei;A =pe (6.1)
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where p is the linear attenuation of the material. Having a detector of thickness dget,

the mean ionization depth is

g"‘e’ Paps(2) zdz - e Hdet (dger +1) — 1
J3e Pas(2)dz -~ p(e7#tee = 1)

Taking the mass attenuation (p/p) for Xe, C, and H, the detector gas mixture of

70% Xe, and 30% CH,, the gas pressure of 6.4 bar, and the detector thickness of

ion

: (6.2)

4 mm, a mean ionization depth of zion = 0.593(3) mm for the 6.5-keV x rays and
Zion = 1.658(2) mm for the 13-keV x rays can be derived. Despite this difference
the lihe shift relative to the krypton lines due to parallax effects is less than 8um
for the Mn Ly-a; lines and less than 7um for the Fe Ko transitions. For both,
manganese and the iron spectra,v parallax shifts the lines away from the center of
the detector. This spatial shift of the calibration lines changes the energy of the
krypton 1s2p'P; — 15215, transition by —0.02 eV and the krypton 152535 — 15%1S,
transition by +0.03 eV. The parallax effects, thus, are small especially when compared
to the overall uncertainties of the present measurement. Adjustments for these effects,
hoWever, have been made. The reason for such small effects is the large distance
between the source and the detector. o

Another jnlport:ant issue when using different orders of diffraétion is the compar-
ison of the diffraction images. Proper determination of the center of gravity of the
spectral line is of utmost importance for a successful determination of the relative line
positions. As already mentioned, the line shape for the spectra taken in second order
Bragg reflection is dominated by theA Dopplér broadening. The width of the spectral
lines diffracﬁed in first order is limited by the resolving power of the crystal. In fact,
the line profile of the spectral lines measured in first order Bragg reflection is slightly
asymmetric. Therefore, applying a symmetrical fit function does not give the center
of gravity of the spectral line. For example, for the Mn Ly—a; line this difference
between the center of gravity andr the centroid, obtained by using a symmetric fit
function is 0.01 eV. Accounting for this asymmetry of the spectral lines in first order

shifts the measured transition energies of the krypton lines on average by 0.02-e¢V
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towards lower energies. Assigning a 100% uncertainty to this shift is a rather con-
servative measure. In comparison with the overall uncertainty of the measurement,
however, this slight shift due to an asymmetric line profile is insignificant.

By contrast, the impact of the difference in the index of refraction on the transition-
energy determination turns out to be significant. The quantity of interest is the
refractivity ¢ in éq.(S.lO). The refractivity was calculated using an approximation of
the dispersion formula for photon energies much higher than the resonance transitions
of the medium, e.g., [114]. Modification with respect to the SI units leads to following
expression for the refractivity:

N, e?)\?
8n2ey m, 2

§ = (6.3)

N, is the electron density in the crystal, e the elementary charge, €, the permittivity
of vacuum, and m, the electron rest mass. Thus, the expression §/ A is a constant
factor. Taking a lattice spacing of 2d. = 4.027A for‘the LiF (200) crystal eq.(6.3)
gives a 2d spacing of 2d = 4.02678A for first order and 2d = 4.02695A for second -
order. The difference of the index of refraction for the two orders, consequently, has
a significant effect on the determination of the energy of second-order lines that are
calibratéd by lines measured in first order. If neglected, the energy of the second—order
lines are 0.54 eV higher than if taken into account. Uncertainties in the determination
of 2d, and 2d, arise from the assumed values of 2d,, and §/A%. An estimate for the
uncertainty of the former can be giveﬁ based on the 0.1-mA spread of values cited by
different authors {108, 109]. A 0.1% change (0.4 mA) affects the measured krypton
line energies by no more than 0.02 eV. A 10% change in the value of d/X2, which
is much higher than expected from basic theoretical considerations [114], affects the

measured krypton line energies by only 0.04 eV.

6.1.2.2 Results and brief discussion

Table 6.2 presents the results of the energy determination of the heliumlike lines. -
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The uncertainty in the determination of the transition energies results from the un-
certainty of the célibration lines, the uncertainty of the dispersion along the detector,
the uncertainty in fhe determination of the centroid of each line, which includes the
uncerﬁainty due to the different line profiles in the first— and second-order spectra, as
‘well as the uncertainty in the assumed values for 2d; and 2d». The uncertainty in the
energy of the calibration lines is 0.4 ppm for the Mn Ly-o line, 59 pbm for the line
z in heliumlike iron, and 43 ppm for the berylliumlike transition 3. Including Phg un-
certainty of the determination of the centroid of these calibration lines which Cié};énds
mainly on counting statistics, gives 7 ppm, 59 ppm and 44 ppm, respectively. As a
result, the overall.uncerta.inty of the krypton lines, which includes the uncertainties
of the calibration lihes, of the dispersion, and of the position of the centroid of the
measured lines, ranges from 28 to 31 ppm.

The comparison of the results in Table 6.2 shows that the present measurement
is in excellent agreement with the most recent theoretical calculation, i.e., the con-
figuration interaction calculations performedl by K.T. Cheng et al. {100]. Thus, the
only verification with respect to the earlier measurement by Iﬁdelicato et al. [107] ig
that the average difference between measured and predicted values is biggest for the
comparison with Drake’s predictions [36].

The uncertainty of the measured values is too large to be able to distinguish defini-
tively between the predictions made by Plante et al. [37] and Cheng et al. [115, 100].
For that purpose the uncertainty has to be less than 0.15 eV or 12 ppm. The accuracy
of the present measurements was limited mainly by the uncertainty of the Fe?** and
Fe22+ calibration lines (59 and 43 ppm, respectively). As more accurate values for
the iron lines become available, the accuracy of the present techﬁique will improve
and be limited by statistical considerations. Such considerations limit the accuracy

of the present measurements to 10 — 15 ppm.
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Table 6.2: Experimental and theoretical values for the energies of the 1s2s,1s2p —
1s? transitions in heliumlike krypton and average difference between experimental
results and the calculated values. E.;, denotes the result of the present measure-
ment, Fr,q the values measured by Indelicato et al. [107]. The theoretical precictions
listed for comparison are taken from Drake Ep [36], Plante et al. Ep [37], and Chen
et al. and Cheng et al. Ecgc [115, 100]. For the average difference, the symbol Eireo

stands for the theoretical value of the according column.

Eezp Ernd Ep Ep Ecsc
Key Transition (eV) (eV) (eV) (eV) (eV)
W 1s2p'P — 15215, 13114.68(36) 13115.45(30) 13114.33 13114.41 13114.70
X 1s2p°P, — 15215,  13091.17(37) .= 13090.72 13090.79 13091.10
y 1s2p°P, — 15215, 13026.29(36) - 13026.80(30) 13025.99 13026.05 13026.32
VA 152535 — 15215,  12979.63(41) — 12979.13 12979.20 12979.51
Average Difference: (Erna — Etheor) (€V) 0.97(30) 0.90(30) 0.60(30)

(Bezp — Btheor) (€V) 0.40(38) 0.33(38) 0.03(38)

6.2 Dielectronic recombination lines in the K-—shell spectra

of highly charged krypton

Initial experiments with krypton on the TFTR established the feasibility of using the
emission of highly charged krypton for plasma diagnostic purposes and suggested that
the 152s3S; — 15215, transition, i.e., line z, in heliumlike kryptoﬁ might be the most
reliable indicator of the ion temperature. The suggestion of using the line z for the
determination of the thermal line broadening is based on its supposedly low or almost
negligible interference with respect to satellite lines [116, 103|. Since a separation Qf
direct excitation (DE) and dielectronic recombination (DR) processes is impossible in

plasmas, -a experimental determination of the fractional contribution of the satellite
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lines depends on electron beam devices, such as the electron beam ion trap where
the electron energy distribution is extremely narrow, and allows the separation of

processes that show a strong dependence on the excitation energy.

6.2.1 Experimental setup and measurement

~ The experimen.talhsetup was identical to- the arrangement used for the wa\‘felengths
and transition energy measurements and, thu§, a detailed description regarding the
spectrometer geometry, the detector performance, and the‘reéblving pbwer of the
setup is given in Section 6.1.1. |

The output of a high—precision function generator controls the drift tube potential,
i.e., the acceleration potential of the electron beam®. With a simple sawtooth pattern
a sweep over the energy interval of interest is performed. Each detected x-ray photon
is tagged with two parameters. One is the location on the detector which is a measure
of the x-ray energy. The other parameter is the position with respect to the sawtooth
function which is a measure of the electron beam energy. The spectra recorded
during the sweep are, thus, three-parameter plots, with the third parameter being
the number of counts. Figure 6.3 shows a set of such three-parameter spectra.
In particular, it shows the result of sweeping from 11 keV to 14 keV beam energy,
Figure (a), including the DE regime and all DR transitions from threshold down to the
KLM resonances, i.e., the DR lines which have a 15253l excited configuration, with [
being the angular momentum quantum number. The sweep over the KLL resonances,
Figure (b) was done Separately for gaining a better resolution with respect to the beam
energy — note the difference in the beam energy scales between the two spectra in
Figure 6.3. The strongest lithiumlike DR satellite lines, €, j, and k are labeled for
reference purposes only. Using these kind of plots a separation of lines with the same
X-ray energy but differentj excitation energies is feasible.

The well resolved KLL spectrum nicely shows that comparable transitions, i.e.,

- 30EBIT’s electron gun cathode is at ground potential.
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Figure 6.3: Direct excitation and dielectronic recombination lines in highly charged
krypton. (a) shows all K-shell DR resonance lines involving n > 3 levels. The in-
clined dashed line marks the location where the beam energy equals the x-ray energy,
i.e., the threshold for direct excited transitions. The notation KLLM, KLN, refers
to the configuration in the recombined ion prior to radiative relaxation. The sweep
over the KLL resonance lines is shown in (b). The labels denote the isoelectronic
sequence after the recombination process. The strongest lithiumlike DR lines are
labeled, e, j, and k (see Figure 6.4). The vertical dashed line traces the x-ray energy

of the heliumlike line z.
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transitions involving the same subshells, in the differently charged ions are along a
path of negative _sfope, which is somewhat indicated by the labels denoting the isoelec-
tronic series of the highly charged krypton. This negatively sloped path is expected
because the ionization potential decreases with increasing number of electrons and a
higher electron beam energy is required for the resonant excitation of the innershell
transition. Additionally, the energy of thevemitted x-Tay photon is shifted towards
lower ep’grgies with respect to the ‘comparable transition prior to the recombination
proceéé. Using theoretical predictions of the ionization potential for each level of the
various krypton ions the DR resonance lines can be identified. The identification of
the lithiumlike krypton KLL resonance lines is shown. in Figure 6.4(a). Once the
different satellite lines are identified, spectra from only one ionization state can be
obtained by isolating the.speciﬁc areas and projecting them onto the x-ray energy
axis. ‘The result of cutting out only the lithiumiike krypton satellite lines; for example,
leads to the spectrum shown in Figure 6.4(b).

Frorh this spectrum the wavelength for most of the lithiumlike satellite lines are
determined and the result is presented_in Table 6.3.

The heliumlike transitions present in thé DE spectra were used for the calibra-
~ tion of the spectronleter setup. The values for the heliumlike transitions were taken
from the previous measurement, see Table 6.2 on page lf?. ‘The uncertainty in the
determination of the wavelength and the transition energies, respectively, due to the
uncertainty in the determination of the center position of each line and of the dis-
- persion, is about 20-130 ppm. An additional uncertainty of about 30-ppm has to be
added due to the uncertainty of the wavelengths/ tfansition energies of the calibration
lines, i.e., the heliumlike n = 2 — 1 transitions in heliumlike krypton. The experi-
mental values are compared to calculations by Osterheld utilizing the HULLAC code

31 (private communication) and to-calculations by Vainshtein and Safronova [117].

SIHULLAC stands for Hebrew University Lawrence Livermore Atomic Code;
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Figure 6.4: (a) Identification of the lithiunlike krypton KLL DR resonance lines
using theoretical predictions of the ionization potential and the expected transition
energies of these DR satellite lines. The spectrum (b) was obtained by projecting the
recorded spectrum onto the x—ray energy axis after “cutting” around the lithiumlike
resonances . Thus, the spectrum only contains the contributions of the lithiumlike

krypton DR resonances.
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Table 6.3: Comparison between the measured and some calculated wavelengths
values of the DR satellite lines of lithiumlike Kr33+. The spectra were calibrated
using the measured values of the heliumlike lines (w, X, y, and z) listed in Table 6.2.
The subscript ¢,p denotes the measured values, vg s theoretical predictions by Vain-
shtein and Safronova{117], and o denotes present calculations by Al Osterheld (see

text). )

Aezp - Aves Ao
Key Transition (A) (A) (A)
w 1s2p P, — 15?18, 0.945385(26) 0.94538 0.94536
x 1s2p%P; — 15?18, 0.947083(27) 0.94708 0.94709
s 152p25(3P)%Paj2 — 157252515 0.94758(3) 0.94746  0.94746
6 1s2p25(%P)%Prye — 15225752 0.94808(4) 0.94804  0.94804
q  1s2p2s(*P)%Py, — 1522525, 0.94962(5) 0.94961  0.94949
k 15202 Dajs — 18297 0.95000(2) - 0.94995  0.94500
j 1529225y — 1522p°Ps,  0.95141(2) 0.95137  0.95124
y 1s2p%P; — 1528, 0.951800(26) 0.95156 0.95175
r o 1s2p25(P) 2Py, — 15225%1,,  0.95310(5) 0.95288  0.95306
3 15225217, — 15225715, 0.95312(12) 0.95350
| 152p?2D3/9 — 15*2p*Ps2 0.95471(5) 0.95475
2 1s2p%; — 1528, 0.955222(30) 0.95525 0.95519
e 152p%4Ps /o — 1522p%Ps  0.95637(2) 0.95615  0.95623
P 1526%35y, — 1s*2p°Pi 2 0.96415(4) . 0.96403
0 1525225, ;5 — 1522p%Py;,  0.96900(7) 0.96893
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7 The Ka emission of heliumlike Xe*?t and hydro-

genlike Xe»+

Next generation fusion devices, such as ITER or NIF, are proposed to have electron
temperatures in excess of 30 keV*2, In such a high electron temperature environment
bare ions are the most abundant species among low— and mid-Z elements up to Z =~
30. Thus, reliable measurements of the central ion temperature in such hot plasmas
requiré trace amounts of higher-Z material in the plasma core region. A brief list
of the ionization potentials for the lithium-, helium-, and hydrogenlike isoelectronic

sequence for some elements is given in Table 7.1.

Table 7.1: Tonization potentials Uj,, of some elements for the lithiumlike, helium-
like, and hydrogenlike isoelectronic sequence. The values were calculated by Scofield
[101] and represent the binding potential of the ground state electron. For example,
an energy of 12.3889 keV is required to remove the electron from the ground state

of hydrogenlike Zn2®+.

isoelectronic | Uion (kV)
sequence  Zn (Z = 30) Kr (Z =36) Mo (Z =42) Ag(Z=47) Xe (Z2=54)
H-like 12.3889 17.9361 24.5721 30.9656 41.2996
He-like 11.8648 17.2962 23.8103 30.0969 40.2711
Li-like 2.7820 4.1091 5.7132 | 7.2713 . 9.8104

The elements of choice for admixing to the fusion plasma are noble gases because
~of their convenient handling regarding the introduction into as well as the removal

from the plasma devices. Thus, the prime candidates are krypton and xenon. The

321t is common practice in the field of plasma. physics to express temperatures in energy units.
Correctly, one should speak of thermal energies Ey, = kp T, where T is the temperature, and kp

1 K
the Boltzmann constant: — = 11604.448(99) —. ..
kg : eV
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ion species of choice for ion temperature diagnostics utilizing x-ray spectroscopy are
the members of the heliumlike isoelectronic sequence (see also Chapter 2).

The ion température diagnostic is based on the measurement of the Doppler broad-
ening -Qf the spectral line. Thus, reliable determination of the ion temperature requires
a minimum spectral resolving power so that the characteristic emission is not domi-
nated by the apparatus profile. Figure 2.1 (page 8) shows that for krypton, for exam-
ple, the minimum resolving power is below 1000 for ion temperatures above 15 keV.
Employing xenon increases Xthé minimum resolving power to about 1100 for the same
ion temperature. However, using xenon extends the accessible ion temperature range
far beyond 30 keV, a regime in which krypton would be already fully stripped. Cur-
rently, spectroscopic investigation of the Ko emission of highly chafged ions heavier
than krypton, i.e., Z > 36, has been limited to low-resolution instruments, such
as germanium detectors which have resolving powers beloW 110 |78|. Therefore, ex-
tending high-resolution measurements of the Ka emission of highly charged ions to
the high-7Z elements and, hence, to the hard x-ray regime was the goal of following
_experimental effort.

Section 7.1 presents the high-resolution measurements of the 'Ka emission of he-
liumlike Xe®*, and hydrogenlike Xe33t utilizing a transmission—type crystal spec-
trometer. The fine-structure resolved spectrum of then =2 — 1 transitiohs allows a
charge-specific determination of the line intensities. From the measured relative in-
tensities the electron—impact excitation cross sections are inferred relative to the cross
sections for the radiative regombination lines. The uncertainties of the measured cross
sections are in the 15% to 35% range, and are mostly due to counting statistics. A
systematic uncertainty of about 3% arises from the radiative recombination cross
sections values. For the hydrogenlike transitions agreement with theoretiéally pre-
dicted values of the electron-impact excitation cross sections has been found. For
sofne heliumlike transitions, however, experimentally and theoretically achieved val-

ues disagree significantly, indicating the importance of including the Breit interaction
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in the atomic models. The wavelengths of the n = 2 — 1 transitions were determined
relative to the Ly-a; transition. Thus, the calibration of the highly resolved xenon
spectrum depends on a high—precision measurement of the Ly-a; wavelength or its
transition energy with respect to the primary x-ray standard, i.e., the tungsten K-a;

transition. Such a measurement is presented in Section 7.2.

7.1 Transmission—type crystal spectrometer méasurements

53+) have

The Ko transitions in heliumlike, and hydrogenlike xenon (Xe®?* and Xe
been measured at the SuperEBIT facility using a transmission—-type crystal spec-
trometer. The resolving power of this spectrometer is sufficient for level-specific
measurements of the n = 2 — 1 transitions. The spectral region observed includes

the heliumlike, and hydrogenlikev transitions listed in Table 7.2.

7.1.1 Experimental setup

A transmission—-type crystal spectrometer was designed, based on the DuMond geom-
etry |94], for implementation at the SuperEBIT facility. The spectrometer céntains a
(140 x 40 x 0.6) mm? quartz crystal with a (1340) lattice plane orientation which is
cylindrically bent. The reflecting lattice planes are parallel to the axes of this cylin-
der and perpendicular to the surface of the crystal. The DuMond geometry requires
that the radius of curvature of the crystal is the diameter of the so—called Rowland
circle (see Fig. 5.9 on page 94). For optimized throughput per wavelengths interval
of the transmitted x-rays the spectrometer has to be adjusted in such a way that
the electron beam lies on the Rowland circle, and is parallel to the diffracting lattice
planes of the crystal. An optimized setup also minimizes the energy band width of
the in transmission diffracted x rays. A simulation of the energy distribution of the
diffracted x rays depending on the geometric quantities of the experimental setup
is presented in Figure 5.11 and Figure 5.12 . The setup is sketched in Figure 7.1.

Table 7.3 presents a list of some geometric quantities associated with the spectrom-
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Table 7.2: Predicted values for the Ko transition energies £ and wavelengths A
of hydrogenlike,y heliumlike, and neutral xenon. The values for the hydrogenlike
transitions are taken from Johnson and Soff [27]. Drake [36] was used as a reference
for the heliumlike transitions. The lithiumlike transition q was calculated by M.
Chen using a multi—cbnﬁguration—Dirac—Fock (MCDF) code (private communica-
tion). The tran-sitions of neutral xenon, Koy and Kas, were taken from Mooney et

al. [118] and the spectroscopic notation describes the location of the electron hole.

ion transition name E ‘ A
eV pm
Xe3+ 2psj2 — 1s12 Ly-a;  31283.8 39.6321
X+ 21 — 1512 Ly-a; 308564 40.1810
Xed3+ 28172 — Ls1/2 Ly—as 30863.5 40.1718
X2+ 1s2p'P;, — 15219, w 30629.3 40.4790
X2+ 152p%P, — 18215, X 305935 . 40.5263
Xe52+ 152p3P; — 1215, y 30205.6 41.0468
Xe%2+ 15255, — 1s*1Sy z 30128.4 41.1520
Xe®t  152s2p%Pspp — 1522525, q 30526.7 40.6150
Xe Ls7)y — 237} Koy 29778.69(10) 41.63522(14)
Xe Lsijp = 2P1)5 Kay;  29458.16(5)  42.08825(7)

eter and of the results of the energy band width calculations. There are two sets
of measuremerits présented here, which in following will be referred to as measure-
ment SE28 and measurement SE37. Both measurements were performed using the
Quartz crystal, which has an intrinsic resolving power in the 10° range [108]. That .
is much higher than the maximum resolving power due to the geometric prdperties
~ of the spectrometer setup and the electron beam, respectively (see Table 7.3). The

calculation of the energy distribution of the diffracted and detected x rays also allows
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Figure 7.1: Sketch of the transmission-type crystal spectrometer setup. The elec-
tron beam, oriented perpendicular to the page, and the cylindrically bent crystal
have to be part of the Rowland circle. The transmission spectrometer is operated
in monochromator mode, i.e, a spectrum is obtained by rotating the crystal and
archiving the number of photons detected with the germanium detector GeX as a
function of the crystal position. Synchrohized data acquisition between the germa-
nium detectors GeX and GeSE is essential for the normalization of the measured
high-resolution spectra. For the energy calibration of the Ly-ca; transition (see
Section 7.2), xenon Ko spectra — detector Gea; in position (1) — and calibration
spectra — Geqy in position (2) — were taken successively. About every three hours

the two detectors were interchanged.

an estimate of the impact of uncertainties in the setup geometry. The calculations
show, for example, that the uncertainties of the distance between the crystal and the
electron beam (quantity Ds in Table 7.3 ) increase the energy band width by 1.1 eV

for the SE28 measurement and 1.4 eV for the SE37 measurement. For small displace-
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ments with respect to the crystal-electron-beam distance the energy spread is, thus,
roughly 0.5 eV pef mm. This is much less than the impact of uncertainties in lateral
direction, i.e., perpendicular to the emitted x rays. The =~ 90-um broadening due
to the electron beam diameter, for example, causes an increaselof the transmitted
x-ray energy band by 6 eV, which would be =~ 60 eV per mm. The high sensitivity
with .resp‘ect; to the lateral dimension niakés the curvature of the crystal a very crucial
parameter. The width of the image of a point source was taken as an indicator for the
quality of the crystal curvature. The setup for measuring this image width is shown
in Figure 7.2. No CCD camera was used for determining the imagé width regarding
measurement SE28. Thus, the value in Table 7.3 reflects only the overall width of
the image observed on the screen. For measufement SE37 the intensity profile of the
image was measured with a CCD camera and the line width deducted from fitting the
profile at different positions. The impact of the image qualities of the bent crystal
on the resolving power — listed in Table 7.3 — clearly shows that the image width of
the crystal is the limiting factor with respect to the resolution of the spectrometer.
The SuperEBIT transmission-type spectrometer was designed for operation in
monochromator mode and, thus, no position sensitive detector is necessary. A high-
purity germanium detector — detector GeX in Figure 7.1 — with almost 100%
counting efficiency for 30 keV photons is used instead. The energy dispersion of
the germanium detector can be utilized for suppressing the background. A spectrum
is obtained by rotating the crystal and archiving the number of photons detected
with the gernlanium detector as a function of the crystal position. The crystal is
rotated by means of a high—precision stepper motor which is mounted on a modified
rotation stage\.' The stepper motor® has a unidirectional repeatability of £1 ym, the
uncertainty with respect to the traveled range is +35pum. In combination with the

6%” (2 161.9 mm) lever of the modified rotation stage minimum angular increments

BThe stepper motor, which has a 12.7-mm range of travel, and driver (with RS-232 interface)

are from ORIEL Corporation, Models 18503 and 20010, respectively.
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Figure 7.2: Measurement of the imaging qualities of the cylindrically bent quartz
crystal. A point source (25 um pin hole) illuminated by a He-Ne laser was imaged by
the crystal onto a screen and the intensity distribution of this image measured with
a CCD camera. (a) shows the optical setup and (b) the intensity distribution of
the line image. The spatial dimensions were calibrated by imaging a metal precision

ruler yielding 56(1) um per pixel. The width of the line image was 230(30) pm.

- of 0.00035° are achievable. To take advantage of this high unidirectional precision,
all scans were performed by always rotating the crystal in the same manner, e.g.,
counter—clockwise.

Operation of the spectrometer in monochromator mode requires a normalization
of the counts measured at each crystal position. The normalization which seemed

best suited for these measurements is based on the total number of xenon Ka x
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Table -7.3: Geometric quantities of the transmission—type spectrometer setup for
the two different sets of measurements SE28 and SEE”/'. For both measurements a
quartz (1340) crystal was used which has a 2d spacing of 2.3604 A[101]. Ry is
the radius of curvature of the cryéta.l, D, the distance between the crystal and the
electron beam, Ae s the effective area, that is the detector area which is illuminated
by the in transmission diffracted x rays. The quantity dZimqge is the width of the
line received by imaging a 25 ym point source with the curved crystal. The energ

‘bandwidth AE of the photons hitting the area Aesy is calculated as described in
Section 5.2.3. In particular, AFEseom is the bandwidth due to the uncertainties
in the adjustment of the spectrometer, AFEjpeqom is caused by the 90-um diameter
electron beam, AFEy,.s is due to the deviation of the crystal curvature from a

perfect cylindrical shape, and AF;.;,; combines all three.

SE28 SE37 |
Row (mm) 27138 £32 25114 + 1.5 ~
D, (mm) 2675+5  2475+5 .
Ay (mo?) 201 | 1018
dzs (,um) < 400 230 + 30
AEeom (€V) 1.1 1.3
AEpeam (€V) 6.1 64
AFEfocyus (€V) 27 16
AEita (€V) 28 18

rays emitted from the trap region. Thus, a second germanium detector was setup
at a different SuperEBIT access port for‘measuring_the Ka spectrum. Due to the

cylindrical symmetry of the electron beam all access ports receive the same type

and amount of illumination over time which makes a normalization by means of

the measured flux at a different access port feasible. When the number of xenon Ko

photons measured with this germanium detector reached a preset amount the counting
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process for both detectors, the transmission spectrometer detector and the Ko survey
detector was stobped, the crystal moved into the next position, and the counting
process restarted. This type of normalization automatically takes care of possible
variation in the overall xenon Ka x-ray emission of SuperEBIT caused, for exarnple,.
by high voltage breakdowns. The normalization of the transmission spectrometer
counts could be also achieved by monitoring the radiative recombination (RR) lines
instead of the Ko emission. The x-ray energies of the RR lines, however, depend on
the electron beam energy and, thus, the energy gate set for counting the RR photons
might have to be changed after each time the SuperEBIT device is tuned.

For the observation of the highly charged xenon emission neutral xenon atoms are
injected into SuperEBIT by means of a .gas injector (see Figure 7.1). The injector
used in measurement SE28 supplied the xenon in form of a continuous flow. In
measurement SE37 a gas injector with a pulsed supersonic beam valve was used (see
also Section 4.2.1). A continuous flow of neon was also introduced into the trap region
in order to supply light ions for the evaporative cooling process, which is discussed
in Section 4.4. The gas injector pressure for the néon cooling was in the order of
2.6 - 1078 Torr (~ 3.5-107° Pa). The xenon injection pressure was set to about
5-107° Torr (=~ 6.7-1077 Pa) in the case of the continuous flow (SE28). In the pulsed
injection mode (SE37) the injection pressure was above 6- 1078 Torr (~ 8-107° Pa).

The duration of the timing cycle was 15.5 s (SE28) and 11.2 s (SE37), respec-
tively. This includes injection of xenon gas, ionization until the high charge states
are obtained, period of data acquisition, and dumping of the ions before other high—Z
elements intrinsic to the SuperEBIT device®* accumulate in the trap. The time for
dumping and injecting was 1.25 s (SE28) and 0.5 s (SE37), the ionization took about
2.0 s (SE28) and 2.2 s (SE37). There was an additional “dead time” with respect

to the data acquisition since no counts were taken while the crystal was actually in

34For example, barium and tungsten from the electron gun assembly eventually reach the trap

“and displace lower—Z elements.
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motion. In particular, the data acquisition was stopped for 1.1 s in SE28and 1.8 s in
SE37. In average, the crystal was moved every 60 s (SE28) and 40 s (SE37), respec-
tively. Therefore, the fraction of the measuring time used for actual data acquisition

was about 77% (12 s) for measurement SE28 and 72% (8.1 s) for measurement SE37.

7.1.2 Measurements

For both measurements the SuperEBIT operating parameters, i.e., beam current and
beam energy, are listed in Téble 74.

In measurements SE28 the spectra were acquired by only recording the number of
photons detected with the GeX detector (see Figure 7.1) that were within the xenon
Ka emission band as a function of the crystal position. The energy gate for selection
of only the Ko emission was set ha.rdwaré .wise. The overall spectrum is a composite
of several scané over three different spectral regions, covering the transitions z and y,

“w, and Ly-c; (see Table 7.2 for spectroscopic notation ) In particular, 78 scans over
the lines z and y, 69 scans over the line w, and 75 scans over the Ly-a; transition
have been _performed. The result — already normalized with respect ﬁo the number
of scans and, thus, to the overall Ka emission — is shown in Figufe 7.3. The whole
spectrum represents 323 hours of measurement time of which 77% .i.e., 250 hours,
were actual data acquisition time (see Table 7.5). The count rate for each line is
listed in Table 7.5. .

The data acquisition for measurement SE37 was more elaborated and allowed to
archive the complete GeX, and GeSE'spectra, at each crystal position. Thus, the spec-
tra are 3—-dimensional data arrays: one dimension is assigned to the erstal position,
and for each position there is a 2-dimensional germanium detector spectrum, i.e.,
x-ray energy versus number of counts. Such three-parameter plots are displayed in
Figure 7.4 showing the transmissidn~type crystal spectrum recorded with the detector
GeX, and in Figure 7.5 showing the overall x-ray emission of the trapped ions and

the Bremsstrahlungskontinuum recorded with the detector GeSE. Both axes represent
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Table 7.4: Main operating parameters of the SuperEBIT device for the two different
sets of measurements' SE28 and SES7. U is the potential difference between the
electron—gun cathode and the middle drift tube electrode, lpeqm the electron beam
current, 7, the beam radius including 80% of all electrons (see eq.(4.4) on page 26,
using the same parameters as in Table 4.4 on page 44). U, is the space charge
potential according to eq.(4.25), page 35, Us. denotes the average space charge
potential within the radial distance 75 +/1.2, which would be the edge of the beam
assuming that the electron density n. is homogeneous. Fpeqqy is the electron beam
energy, and ve the velocity of the electrons given as a fraction of the speed of light
¢g. The uncertainty of Fpeqm includes the difference of the space charge potential

between the center and the radial distance 7, of the beam.

SuperEBIT

quantity SE28 SE37
U (kV) 114.147(10) 112.203(10)

Tream (mA)  270(10)  250(10)

ry (um)  46.4(9) 46.3(9)
Use(Oum) (V) -146.32(19) -136.36(18)
Uselro vVI2) (V) -127.88(15) -119.16(15)
Us (V) -139.13(24) -129.68(23)
Epeam (keV) 114.008(21) 112.073(20)
ve (co) 0.57580(4)  0.57218(4)
ne (em™3) 1.15(4) 10'2 1.08(4) 102

the x-ray energy. The number of counts, which is the third parameter, is graphically
depicted by the density (and “color”) of the points. This transmission-type crystal
spectfum includes scans over the Ly-as 3 transitions, a spectral region that was not
observed in measurement SE28. The total data acquisition time was about 122 hours

and all together 144 scans were performed, in particular, 57 scans over Ly-a;, 22
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Figure 7.3: Spectrum of the 2p3/; — 1s1/o (Ly-oq) transition in hydrogenlike
Xe5¥t, and the 152p'Py — 152150 (w), 1s2p°P1 — 15%1Sp (y), and 1525°S) — 15*1Sp
(2) transitions in heliumlike Xe®2*. Each channel represents the number of detected
photons accumulated over three steps, i.e., three consecutive crystal positions. From
the fitted line width of z and y a resolving power of 1600 £ 320 was inferred. The
dispersion is about 6.6 eV per channel. The total data acquisition time was 250

hours.

scans over Ly-as3, 9 scans over w and q, and 56 scans over z and y.

Archiving the GeSE spectrum for each step allows a refined normalization of the
transmission spectrometer counts by fitting the spectral Ko feature and, thus, taking
into account the background due to Bremsstrahlung as seen in Figure 7.6. Normal-
izing with a hardware set energy gate as in measurement SE 28 includes background
counts. However, the signal to noise ratio of the Ko peak is 4about 12 to 1, and

the fluctuations in the background level are below 15% throughout the total data
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Figure 7.4: Event—mode type spectrum of the xenon Ka emission obtained with
the transmission-type crystal spectrometer. This three—parameter plot displays the
germanium detector (GeX) spectrum along the abscissa as function of the crystal
position along the ordinate. The density of dots (and their grey shades) reflect the
number of counts at each position. The dashed lines visualize the sloped gates which
were set for obtaining a lineout. The labels Ly—aj, Ly-oa2 3, g-w, and z-y denote

the main transitions covered by the different scans.

acquisition time. Therefore, the difference between the two different ways of nor-
malization, although noticeable, is not significant with respect to the uncertainty
due to the low number of counts collected with the transmission spectrometer. In
particular, the line intensity ratios between the transition y and z are 0.73(12) and
0.76(17) for the measurements SE28 and SE37, respebtively. Comparing transitions
observed in different spectral regions, e.g., y and w , yields intensity ratios of 0.50(8)

for measurement SE28 and 0.62(14) -for measurement SE37. The transmission—type
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Figure 7.5: Event-mode type spectrum of the x-ray emission of SuperEBIT mea-
sured with the germanium detector GeSE (see Figure 7.1). This three-parameter
plot displays the germanium detector spectrum along the abscissa as function of the
crystal position along the ordinate. The density of dots reflect the number of counts
at each position. The\spectrum represents a small fraction of all the scans over the

Ly~ spectral region.

spectra are lineouts projected onto the ordinate, i.e, the high-resolution or crystal
position axis, of the three-parameter plot. The background is reduced by setting
gates around the Ko lines prior-to the lineout procedure. Several different lineouts
were taken and separately analyzed. No significant change in the result, i.e., posi-
tion of the line centers and area of the line, has been observed within the statistical
uncertainties. Figure 7.7 shows a comparison of two different lineouts, i.e, a linéout
- with sloped gates (see Figure 7.4) and a lineout achieved by setting a vertical gate
~around the xenon Ko transitions. Since the observed transitions appear along the
line of equal x-ray energy with respect to both axis, the 1i‘neout obtained with the

sloped gate, i.e., parallel to this line of equal x-ray energy, was used as the “final” -
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Figure 7.6: Example of a xenon. Ko emission spectrum measured with the GeSE
germanium detector. The normalization of the high-resolution spectra measured
with the transmission spectrometer is based on the number of photons detected by
the GeSE detector within the Ko energy interval marked by the vertical lines. For
the normalization of the lineout spectra obtained from measurement SE37 the Ka
feature was fitted and, thus, the whole line intensity without background counts

(dashed line) was taken into account.

high~resolution xenon spectrum, shown in Figure 7.8. The spectrum is normalized
with respect to the overall Ko emission observed with the germanium detector GeSE
(Figure 7.1). The xenon Ka spectrum measured with the germahium detector Geay,
which has a higher resolving power than GeSE, was used as an additional reference
for the correctness of the normalization procedure (see also Section 7.1.3.2) below).

The efficiency of the transmission spectrometer is a crucial parameter for estimat-
ing the feasibility of its applications. The benefit of the gain in resolution is counter-

acted by the decrease of efficiency, which is defined by the ratio of the counted x-ray
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Figure 7.7: Comparison of different lineouts from the three dimensional high-
resolution spectrum shown in F igure 7.4. Spectrum (a) is the result obtained by
setting vertical gates, i.e., a fixed energy interval independent of the crystal position.
4Applying a gate with a slope which is defined by the line of equal x-ray energy with
respect to both axis yields the lineout shown in (b). Using the sloped gate allows

to optimize the signal to noise ratio.

photons to the total number of x-rays emitted by SuperEBIT into the transmission'

spectrometér’s solid angle. Thus, determination of the efficiency requires:

e measuring the count rates achieved with the transmission spectrometer for the

various transitions;

e estimating the Ko x-ray flux emitted by the highly charged xenon ions using
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Figure 7.8: Spectrum of the Ka transitions of hydrogenlike Xe®** and heliumlike
Xe%2*. The spectrum shows the hydrogenlike 2p; /2 — 18172 (Ly-ay) transition,
and a blend of the 2p; /5 — 151/, and 2s1/5 — 1517 (Ly-2,3) transitions, and the
heliumlike 152p'P; — 1521S; (w), 152p3P; — 15215, (y), and 152535, — 15*15; (z)
transitions. The dashed line indicates the lithiumlike 152s2p2Ps /o — 152252512 (q)
innershell transition. Each channel represents the number of detected photons ac-
cumulated over three steps, i.e., three consecutive crystal positions. The dispersion
is about 6.6 eV per channel. A resolving power of 930 + 110 was inferred from the

fitted line width of Ly—a; and w. The total data acquisition time was 122 hours.

the count rate, efficiency, and setup geometry of the GeSE and Gea; germanium

detectors.

Since the transmission spectrometer is operated in monochromator mode and, thus,
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the number of counts obtained per step strongly depends on the crystal position, the
average value whiie scanning over the FWHM interval of the spectral line is used
to represent the count rate. A compilation of the liﬁe—speciﬂc count rates for both
measurements, SE28 and SE 37, is given in Table 7.5, which also includes the overall

- SuperEBIT run time, the total measuring time, and the actual data acquisition time.

;;I'%[i;i)le 7.5: SuperEBIT runtime, total measuring time, actual data acquisition time,
and count rates for the various transition for both measurements, i.e., SE28 and
SE37. The count rates are based on the average number of photons detected when
scanning over the FWHM of the transitions (see Table 7.2 for spectroscdpic nota-
tion). The count rate for the background (bkgd) is independent of the crystal posi-
tion. Using these count rate values for estimating the time required for archiving a
certain number of counts in the transition of choice, the additional time necessary

for scanning the neighboring background has to be taken into account.
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 SE28 SE37
SuperEBIT runtime (hr) ~ 864 ~ 440
~ measuring time (hr) ~ 323 ~ 168
data acquisition timé (hr) ~ 250 ~ 122
Count rates (counts per hour)
 Ly-o; 200+026 9814
/ Ly-ag3 — 89 £ 3.2
w 2974025 428462
q — 134454
'y 2074026 26.6 +£4.7
z 269 +030 35.0£5.0
\ bkgd 1.36 + 0.06 7.46 &+ 0.37
whole Ko spectrum — 137 + 11



The five times higher background count rate in measurement SE37 is due to the
five times bigger area of the germanium detector used in this measurement versus
measurement SE28 (see Table 7.3). The over proportional increase of the count rates
for the characteristic x-rays emitted by heliumlike xenon ions is most likely due to
the different ion abundance. With the pulsed gas injector used in measurement SE37

a much larger number of xenon atoms can be injected comparing to the continuous
| gas flow employed in SE28 without increasing the overall gas load on the SuperEBIT
vacuum system. The higher beam current (up to 285 mA) achieved in SE28 is prob-
ably the reason for the high Ly-a; count rate with respect to count rates of the
heliumlike transitions. The count rate values, however, depend on the line width of
the transition and, thus, are not necessarily proportional to the relative intensities.
The overall count rate for the xenon Ka spectral feature is obtained by adding the
count rates for the observed transitions. The result of 137 + 11 counts per hour is
based only on measurement SE37. Note, that this is a simulated count rate in the
sense that, firstly, the transitions can not be measured simultaneously with this setup,
and secondly, the observation of a spectral line, actually, requires also scanning over
the neighboring background, which takes additional time. Comparison of this count
rate with the overall flux of the 30-keV Ka photons emitted by SuperEBIT into the
transmission spectrometer’s solid angle yields the efficiency of the spectrometer.

The SuperEBIT x-ray flux is inferred from measurements utilizing spectroscopic
equipment of known efficiency, e.g., a germanium detector. As shown in Figure 7.1
there are two germanium detectors, GeSE'ar'xd Gea;, which monitor the xenon Ka
radiation emitted from SuperEBIT. The data acquisition for the Gea; detector was
not interlocked with the crystal movement and, thus, the data acquisition time per
cycle was 8.5 s (76% ) for this detector versus 8.1 s (72% ) for detector GeSE. The
count rates obtained for that spectral feature are (93.1 4 4.7) § with the GeSE and
(19.7 &+ 3.3) é with the Gea;. Taking into account the absorption of the 30-keV x

rays due to the beryllium windows of SuperEBIT and the detectors, the optical path
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of the x rays through air, and the inactive layer of the detectors, the efficiencies of the
detectors are 96.1 % and 97.5 % for GeSE and Gea, respectively. The solid angles
defined by the size of the illuminated detector area and the distance between the
electron beam and the germanium crystal of the detectof, equal 1.058(64)-1072 sr for
GeSE and 2.202(29)- 1073 sr for Geay. The solid angle of the GeSE setup I, actually,
_lvimited by a 20.6-mm (%2-”) circular lead aperture which is placed at a distance of
178 mm (7.0”) from the center. The quantities necessary for calculation of the solid
angles, and the efficiencies are listed in Table 7.6. ;I:};e flux per unit of solid angle is
determined by,
Nents

0 et (1)

where Nengs is the number of counts, 74e; the detector efficiency, t the counting time,
and ) the solid angle of the detection system. For the xenon Ko emission the differen-
tial x-ray flux emitted perpendicular to the electron beam is ®q = (9170 + 610) &7
This value represents the weighted average of the results obtained from the two gér-
manium detector measurements, see Table 7.6.

The solid angle of the transmission—type crystal spectrometer, which is determined
by the detector area and its distance from the electron beam equals (1.4074 £ 0.0021)-
710‘4vsr. The xenon Ka flux emitted into such a solid angle is, thus, (1.282 + 6.095) 5
This :Value includes already the absorption due to the beryllium windows of Su-
perEBIT. Comparison with the count rate of (137 % 11) ﬁ obtained with the trans-
mission spectrometer yields an efficiency of 0.0296 + 0.0031, ie., ~ 3% . Putting the

whole spéctrometer into a helium atmosphere would increase the efficiency to 3.3% .

7.1.3 Electron—impact excitation cross sections

The cross sections for the various electron—ion interactions are determined relative
to the radiative recombination (RR) cross sections. Theoretical predictions for the
_radiative recombination cross sections by Scofield [119] have shown agreement with

measured values of the cross sections of the inverse process, i.e., photoionization,
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Table 7.6: Geometric quantities necessary for determination of the efficiency nget
and the solid angle Q of the germanium detectors GeSE, Gea, and GeX (see Fig-
ure 7.1). The quantity sg. is the thickness of all SuperEBIT berylliumn windows
which are in the line of sight of the detector. The solid angle of the SuperEBIT
access ports is limited by a 12.7-mm circular aperture which is placed at a distance
of 72.3 mm (2.845”) from the center creating a maximum accessible solid angle of
0.02426 sr. The solid angle of the GeSE seth is limited by a 20.6-mm lead aperture
to 0.01058(64) sr. Using the count rates ( c"ts) for the xenon Ko x-ray emitted by
the highly charged ions, the differential flux (<I)Q) was determined with eq.(7.1). The
weighted average values of ®q and ®sg are 9170 £ 610 and 221 + 15, respectively.

Quantity GeSE Gea GeX
Detector area Ager (mm?) 2043 201.1 1018
Depth of Ge crystal .lGe (mm) 20 10 13
Non-active Ge iayer lna (um) 0.3 0.3 0.3
Detector Be window {Be (pm) 508 127 254
Path length through air lair (mm) 25(2) 45(1) 2432(1)
SuperEBIT Be window Spe (um) 152.4 152.4 152.4
Efficiency Naet (%) 96.06 97.52 87.17
Distance to beam d (mm) 230(3) 302(2) 2690(2)
Solid angle Q(10*sr)  386(11)  22.02(29)  1.4074(21)
Count rate d]\fl;’“s (2) 93.1 +4.7 197 + 33 -
Differential flux ®q (glF) 9160 £ 720 9200 + 1500 —

X-ray rate through ports

@55 (1)

221 £ 18 222 £ 37 —

within 3% |120, 121}, and, thus, represent a good reference. This uncertainty in the

theoretically calculated values has to be treated as a systematic error.

Following steps are required for the determination of the electron-irnpact cross

143



sections:

o Observation of the whole characteristic spectrum covéring the direct excited
(DE) transitions and the radiative recombination (RR) lines. The resolution
of this spectrum has to be sufficient for inferring the charge balance, i.c., the
relative ion abundance, from the RR lines. Knowledge of the detection efficiency
with reépect to the RR and DE x-ray energies is essential for determination of

the DE intensity relative to RR lines.

e High-resolution measurement of the DE spectrum which shows the composition
of the DE radiation with respect to the different ion species. With the relative
ion abundance and the intensity ratio of the DE spectrum to the RR spectrum,
cross sections for the resolved spectral features can be assigned. Note, that

crystal spectrometers are polarization sensitive instruments.

o The measured values represent differential cross sections for emission perpen-
dicular to the electron beam. For conversion into total cross sections the polar-
ization of the spectral features observed with the high-resolution instrument is

required.

e The cross section values reflect a mixture of all processes that generate emission
of the characteristic x rays. The electron-impact excitation cross sections are
extracted"using rate equations for the equilibrium conditions for each ion species
and measurements or models for the level population due to cascading from

high—n excited levels. |

7.1.3.1 Charge balance

The RR spectruni of the highly charged xenon ions was observed with the germanium
detector GeSE (see Figure 7.1). The data acquisition of measurement SE37 was set
up for archiving this spectra at each crystal position which yields 3-dimensional data

arrays as shown in Figure 7.5 (page 136). Thus, the performance of the SuperEBIT
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device with respect to the charge balance was constantly monitored. The RR spec-
tra are lineouts.p.ro jected onto the abscissa. Figure 7.9 shows such a RR spectrum
obtained while scanning over the Ly—q; transition. The relative intensities together
with the theoretical values of the RR cross section, listed in Table 7.7, enable the
determination of a fractional charge balance. The spectral features were fitted utiliz-
ing a function that takes into account the response of the germanium detector (see
Section 5.1.2 on page 73). The line positions were determined.using the measured
electron beam energy, i.e., Epeam = 112.073 % 0.020 keV (see Table 7.4), and the the-
oretically predicted values for the electron binding energies listed in Table 7.7. For
example, the x-ray energies released by radiative electron capture onto the K-shell of
bare and hydrogenlike xenon are (153.373 £ 0.020) keV and (152.344 + 0.020) keV,
respectively. The uncertainty of £ 20 eV is the uncertainty of the eiectron beam en-
ergy. No uncertainties are given for the predicted values of the ionization potentials
listed in Table 7.7. The width of the RR lines is dominated by the detector resolution
which is a only slowly varying function of the energy of the detected photon (see
eq.(5.7), page 73). Therefore, the amplitudes of the two lines and one line width are
the only free parameters for obtaining the fit for the RR K-shell spectral feature.
The fit yields the fractional line intensities of 0.356 for the RR onto the K—shell of
bare Xe®* and 0.644 for the RR onto the K-shell of hydrogenlike Xe®***. The detec-
tor efficiency with respect to the two transitions is 92.40% for 153.4-keV x rays and
92.62% for 152.3-keV x rays. '

The ratio of the differential RR cross section values for the two transitions is 2.0026,
which basically reflects the ratio of the K-shell vacancies for these ions. Thus, the
ratio of the bare to the hydrogenlike ion abundance is 0.279 + 0.024. For each bare
Xe®*™* ion in the trap there are about 3.6 3 0.3 hydrogenlike Xe®** ions. The fitted
line intensities, the RR cross section values and the germanium detector efficiency
completely determine the RR lines due to electron capture onto the L—shell of bare

and hydrogenlike xenon. Thus, only the amplitudes of the RR transitions onto the
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Figure 7.9: Direct excitation (DE) and radiative recombination (RR) spectra of
~ highly charged xenon ions measured with the germanium detector GeSE (see Fig-
ure 7.1). Spectrum (a) which was taken during a one~hour measuring period shows
the ratio between the DE and RR emission. The RR spectrum displayed in (b)
was observed while scanning over the spectral regions of Ly-aq, Lv—ag, and w. The
dashed and dotted lines mark the positions of the RR lines 'obtained by adding the

ionization energy listed in Table 7.7 to the beam energy which was set to 112.1 keV.
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Table 7.7: Theoretically predicted RR cross section values for electron capture onto
the K-shell of bare and hydrogenlike xenon, and onto the L-shell of bare, hydrogen-
like, heliumlike, lithiumlike, and berylliumlike xenon. The transition energies for
the RR lines are the sum of the beam energy Fpe.m and the binding energy Epoung

of the subshell where the electron gets captured onto. The differeiintial cross sections
o

d€2 {gge

are for emission perpendicular to the electron beam, oq g0 = . The values
barn

~24
sr 0

are given in barn and respectively (1 barn = 1 cm?).

Ereom = 114.1 keV  Ejoom = 119.9 keV

Ion species . Shell Eypung o 00,900 o 00,000
barn barn
keV barn il barn =

K 41306 18256 1.0050 16751 08897
bare X Ly 10432 2972 01735 2710  0.1527

Ly 10006 0524 00181 0464  0.0155

K 40273 9.028 05023 8284  0.4444
H-like Xe¥* Lyp 10.086 2.867 0680 2615  0.1487
Lyp 9628 0481 00168 0426 00144
Ly 0803 2783  0.1645  2.539 0.1448
Lyp 9307 0461 00162 0409  0.0139
Ly 9564 1568 00876 1426  0.0770
Lyy 9063 0463 00162 0411 00139
Ly 9243 0368 00117 0328 00100

Lip 8865 0460  0.0161 0407  0.0138

He-like Xe3+*
Li-like Xe5'*

Be-like Xe3*

L-shell of the heliumlike and lithiumlike xenon ions are the variable parameters for
fitting the RR L—shell feature. Adding the line representing the RR onto the L-shell
of berylliumlike Xe®** did not yield a successful fit, which shows that the amount of

berylliumlike xenon is insignificant. The result of the relative ion abundances that
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were determined as described above is compiled in Table 7.8. The charge balance was
det.ern}ined separately for each spectral region and the values in Table 7.8 represent
the weighted—a\’e:age. A

The absolute ion abundance, i.e., the actual number of xenon ions present in
SuperEBIT, can be inferred from the flux of the characteristic RR x rays (®n.,rr),
the electron densify (n.), the electron velocity relative to the ion (ve), and the RR
cross section for the specific transition of interest (ogg). In particular, the absolute

abundance of ions with the charge state ¢ is,

N, = PR . (7.2)
Tle (Ue URRQ_.q_l > :

Since the electron velocities -are several orders of magnitude higher than the ibn
velocities and the electron velocity distribution is insignificant with respect to the
mean velocity, (v.o) can be substituted with the product v.o. The flux of the
characteristic RR % rays is determined from the measured count rates, solid angle,
and efficiency of the detector setup (see eq.(7.1). The count rates obtained with the
measured line intensities are 1.64 +0.14 % for recombination 6nto‘ the K-shell of bare
Xe**, and 2.96 £0.25'% for recombination onto the K—shell of hydrogenlike Xe33+.
The efficiency of the GeSE detector setup is 90.77% for‘ 153-keV x rays, and the solid
angle equals 1.058(64) - 1072 sr. Thus, the differential flux of the characteristic RR
K-shell x rays emitted perpéndicular to the electron beam is ®p, g = 171 + 18 s_léT
for bare Xe**, and ®p,pr = 308 + 32 g% for hydrogenlike Xe®**+. With n, =

Sst
(1.08 & 0.11) - 10" ks, v, = (1.71535 = 0.00051) - 10 X (see Table 7.4), and the
differential RR cross sections the ion abundance in SuperEBIT according to eq.(7.2)
is 9200 & 1300 bare Xe®** ions and 33200 + 4800 hydrogenlike Xe>** ions. The trap
volume that contributes to the observed radiation is 1.071 - 10~* a%g, i.e., a cylinder
of 1.27 cm height and about 0.01 cm diameter. This yields xenon ion densities O_f
ny = (0.86 + 0.12) - 10° gs and ny = (3.10 & 0.44) - 10° 535, with the indeces 4 5
denoting the bare and hydrogenlike ion species. All measured fractional and absolute

ion abundances for the various xenon charge states are listed in Table7.8.

7
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Table 7.8: Fractional and absolute ion abundances (f,, N) of trapped highly
charged xenon ions (Xe®*+51%), The abundances were determined using the line
intensities of the RR transitions onto the K-shell and L—shell of the xenon ions (see
Figure 7.9). The ion density values (n) are based on an observed trap volume of

1.071-10"%cm?, i.e., a cylinder of 1.27 cm height and about 0.01 cm diameter.

fon species fn N n
108 em™3
bare Xe®** 0.051 &+ 0.003 9200 + 1300  0.86 & 0.12
H-like Xe®* 0.184 4+ 0.010 33200 & 4800 3.10 + 0.44
He-like Xe®** 0.631 + 0.033 117000 & 19000 11.0 + 1.8
Li-like Xe®'*+ 0.139 4 0.043 20800 + 7100 1.94 4 0.66

Combining the abu.ndance of bare, hydrogenlike, heliumlike, and lithiumlike xenon
gives a positive charge density of p© = (8.8 & 1.0) - 101° 'é‘r%g (e is the elementary
charge) due to the trapped xenon ions. The space charge compensation factor, i.e.,
the ratio of positive to negative charges in the trap (see eq.(4.31) on page 40), equals
0.082 £+ 0.012. This value represents a lower limit since the amount of the positively
charged neon ions (neon was used as cooling gas) was not taken into account for
this estimate. The rather small space charge compensation is not surprising because
no potential difference was applied between the'bbttom, middle, and top drift tube
electrodes in order to optimize the charge balance with respect to the highest charge

states of the trapped xenon ions.

7.1.3.2 Level-specific measurement of the xenon Ko spectrum
Both, measurement SFE28 and SE37 allow level-specific determination of the relative
line intensities. However, only measurement SES7 was used for following investiga-

tion of the electron-impact excitation cross sections, because it includes the Ly-aq 3

149



. transitions.

Prior to a comparison between the intensity ratios of spectra measured with a
germanium detector and speétra obtained with a crystal spectrometer a discussion of
the polarization sensitivity of the Bragg diffraction is necessary. The reflectivity R of
a perfect crystal is given by:

sz—l:lcos29| . - (7.3)

fi and f) are the reflectivity coeflicients with respect to the orientation of the polar-
ization of the incoming x rays. The subscripts ; and | stand for perpendicular, and

parallel to the electron beam, respectively. The polarization P is defined by:

I"—Il
P=-— : 7.4
I||+Ii ' ( )

where I, and I are the intensities" perpendicular and parallel to the electron beam.
Parallel to the electron beam axis linearly polarized light has a polarization P of +1,
completely perpendicular polarization obtains the value -1. Using equations (7.3)\and
(7.4) the intensity adjustment due to the Bragg angle dependent reflectivity of the

crystal has the form:

2 :
TP (- P) Al o

Iadj -

with s being the line intensity observed With.the crystal spectrometer and /,4; the
polarization adjusted line intensity. Assuming that the reflectivity coefficient f is
constant over the small Bfagg angle interval used .in measurement SE37, i.e., from
9.67° to 10.04°, the adjustment factor fpo can be written as

Iadj _f - 2
Ips "7 |1+ P+ (1—P)lcos26|]

(7.6)

With |cos26| ~ 0.94 the denominator modifies to 1.94 + 0.06 P. Neglecting the
change of the line intensities due to the polarization, thus, could cause a maximum

deviation of 3% in the observed line area.
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The polarization of a line depends on the population of the magnetic sublevels in
following way:

P = O_3/2 —0-1/2 — 01/2+ 032 (7.7)

- bl

O_3/2+ 0-172+ 012+ 03/2

Ly—a1 .

0.1 —200+04
w,y... P = — , ‘ 7.8
Y o_1+20p+ 041 (7.8)

O_9g—0_1—0 o :
.. p = -T2moazontoe (7.9)
O o+ 01+ 04 +042

y. P = 4217200t on (7.10)
o_1+200+04

with 041/2.43/2 and 0,11 being the cross sections for electron—impact excitation from
the ground state into the specific magnetic sublevels 122, 123] . Theoretical values for
the population of the n = 2 sublevels predicted by Reed utilizing the Sampson code
[124] were used to calculate the polarization of the observed transitions according to
equations (7.7), (7.8), (7.9), and (7.10). The results are shown in Table 7.9,

After adjusting the measured line intensities for the polarization dependent Bragg
diffraction utilizing eq.(7.6) the high-resolution spectrum was normalized with re-
spect to the xenon Ko emission observed with the GeSE detector (as described in
Section 7.1.2). Correct determination of the line intensities is of utmost importance
for the cross section measurements. Thus, besides the normalization with respect to
the number of xenon Ko x rays, additional verification of the validity of this normal-
ization was established by comparing the intensiEy ratios between the three spectral
features (z-y), (q-w-Ly-a23), and (Ly-a1), with the measurements of a third germa-
nium detector, detector Geal in Figure 7.1. The raw data and all intermediate steps

of adjustment and normalization of the line intensities are listed in Table 7.10.

7.1.3.3 Measured cross sections
Using the fractional intensities measured with the transmission spectrometer, the
~spectral feature Ko observed with the GeSE detector is split into the various compo-

nents. The cross section values are determined by comparison with the RR spectrurh
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Table 7.9: Theoretical predictions of the sub-level specific electron impact excita-
tion cross sections for the n=1 — 2 transitions in heliumlike Xe®2*+ and hydrogen-
like Xe%+* assuming an impact energy of 114 keV. The values were calculated by
Kennedy Reed utilizing the Sampson code [124] (1 barn = 10724 cm?). The sublevel
are denoted by their magnetic quantum number my, where J is the total angular
momentum. The columns f,, contain the fractional population density of each
subléevel. The polarization P is calculated according to equations (7.7, (7.8), (7.9),
and (7.10). The relative intensities of the characteristic x-ray emission parallel-and

perpendicular to the electron beam was determined using eq.(7.4).

Hydrogenlike Xe%*

Excited 01170 - 013/0 foop P I I
level  barn  barn _ = S P % %
2512 1114 | 0.500 - 0.000 0.500 0.500
2p1/2 2.156 0.500 0.000 0.500 0.500
2psp. 2,821 1.307 - 0.342 0.158 | 0.367 0.683 0.317

Heliumlike Xe32*

Excited 00 041 O+o ‘ Soop P I '
level barn bam bam 0 1 2 P % %
1s2pP;  9.676  3.883 - 0.555 0.223 0427 0.714 0.286
1s2p°P, 0.0616 0.0522 0.0233 0.290 0.246 0.110 -0.383 0.308 - 0.692
152p°P; ’ 3.993 1.689 | 0.538 0.231 0.399 0.700 0.300

152535, 0.0571 0.0576 0.331 0.334 0.004 0.502 0.498

which was simultaneously observed with the same detector. The experimental setup
is designed for measuring the radiation emitted perpendicular to the electron beam.
Thus, the measured cross sections are differential cross sections. The total cross sec-

tions are inferred using the relation between the overall amount of emitted radiation
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Table 7.10: Measured line intensities (raw data), polarization adjusted intensities
Ipqq4; accounting for the polarization sensitive Bragg diffraction, and normalized
intensity Irrsp. The adjustment factor fp, was calculated using eq.(7.6). The
Bragg angle @ and the crystal reflectivity R defined in eq.(7.3) are listed, too. The
normalization factor fporm was inferred from the highly charged xenon Ko emis-
sion simultaneously measured with the germanium detectors GeSE and Geq; (see
Figure 7.1). )

Line Raw data P ) R fpa Ip oaj Srorm ITrsp
Counts Counts
Ly-a; 8 +13 035 967 0944 1019 8 +13 100 89 +13 ‘
Ly-aps 31411 0000 980 0942 1.030 32+11 259 83+29

Counts

w 483+7 0416 987 0941 1.017 49+7 800 391+ 54
q 1I5+6 — 990 0941 1.030 156 800 121 & 47
y 8 +£15 0390 10.01 0940 1.019 8715 280 243 +43
z 112+ 16 0005 10.04 0939 1.031 115+16 280 323+ 46'

of a dipole source (/) and the intensity in perpendicular direction with respect to the
dipole axis (Igoe) accounting for the polarization (P) of the radiation [125]:

3—P

=47 3

Tooo . (7.11)

Table 7.11 presents the result of the measured differential and inferred total cross
sections. The measured values are compared to theoretical cross section values cal-
culated by Reed [124]. The two sets of calculations are based on a non-relativistic,
and a relativistic approach. Comparison with the measurement clearly shows the
importance of including relativity. But even the fully relativistic treatment shows
significant deviation from the measured values.

Before discussing the differences between measured and calculated values the mag-
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Table 7.11: Measured differential cross sections, oggoe, and inferred total cross
sections, Tezpt, using eq.(7.11). The values are ‘compared with calculations of the
electron—impact cross sections utilizing the Sampson code [124], see Table 7.9. The
two sets of calculations for the heliumlike Itransitions are based on a non-relativistic,

Onon, and a relativistic approach o¢;.

Line 0q,00° 2 Gap Onon  Orel

barn / sr \ barn barn  barn
Ly-a; 089+014 0882 98+16 — 8256
Ly-a3 082+030 1.000 104+37 — 6.541
w 109+ 017 0861 11.8+18 2164 1745
y 068+ 013 0870 74+ 1.4 0127 7.313
z 0.90 +0.15 0998 11.3+1.8 0.123 0.172

nitude of contributions which populate the n = 2 levels due to processes other than
direct electron—ion impact excitation of a ground state electron has to be estimated.

The processes considered for in following discussion are:
e Radiative recombination;
e Charge exchange processes between neufrals and the highly charged xenon ions;
o Innershell ioniéation of lithiumlike xenon lons;

¢ Population of the n = 2 levels due to cascades after electron-impact excitation

of n > 2 levels;

A schematic diagram regarding these processes is shown in Figure 7.10 and Fig-
ure 7.13. The time evolution for the abundance of each ion species is characterized
by the magnitude of the rates, i.e., the rate for radiative recombination, charge ex-

change, electron-impact ionization, and the rate at which the ions leave the trap.
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Li- | He—si
like | _ | He | like bare
RR
(b) ~ :
cX
high—n
“levels

Figure 7.10: Schematic diagram of the main processes for (a) the charge balance
and (b) the population of the n = 2 levels. The charge balance in SuperEBIT
is in equilibrium and, thus, the contribution due to radiative recombination (RR),
electron-impact ionization (ion), and charge exchange (C X) are balanced. The area
of each box is proportional to the abundance. The processes which populate the n
= 2 levels other than direct excitation due to electron impact are sketched in (b).
The measured intensity of the Ka radiation is proportional to the population of the
n = 2 levels. Only the innershell ionization (#z) of lithiumlike ions has to be taken

into account as contributing factor to the Ka emission, in particular, to the line z.

The rate equation for ions of the charge state ¢ is:

dN, :

' dtq = TN (ve O‘Rqu.l_.q) Nq+1 +1e (ve O'ionqq_*q) AIq—l +ng <'UO 0-CXq+_L...q> Nq+l
— Ne (’Ue URRQ_.Q_1> Nq —MNe (’Ue Olionq_ﬂq_d) l'Vq —Tp <Ug aCXq—.q—l) Nq
- firap Ny 155

(7.12)



- N, is the abundance of ions with the charge g, n. is the electron density, no the density
of neutrals (atoms and/or.molecules), v, and vy are the velocities of the electrons and
neutrals with respect to the ions. The attributes RR,ion,cx Of the cross section o
stand for radiative recombination, electron-impact ionization and charge exchange.
The factor lirep Ny accounts for the amount of ions which are escaping from the trap,
or from the region of observation to be more specific. Since the cross sections depend
on the irr}.pact energy ana, thus, on the velocity, the velocity cross seetion product
has to be averaged over the velocity distribution and the notation (v o) is used. The
V.e-loc.iities between the neutrals and ions vy are domiﬁated by the ion velocities which
show a Maxwellian distribution which is cut off at an upper velocity limit at which
the kinetic energy of the ion equals the trapping potential and the ions can escape the
trapping region. The electron velocities are several orders of magnitude higher than
the ion velocities and the electron velocity distributionis insignificant with respect to
the mean velocity. Thus, the ﬁse of a single velocity instead of a velocity distribution

s justified and the product v. o can be used instead of (v o). |

For such highly charged ions as lithiumlike to bare xenon, the depth of the electro-
static trapping potential experienced by these ions is about equal and the loss rate
can be considered independent of the charge state. Observation of the Ko emission of
highly charged xenon ions have shown that during the 8.5-s data acquisition time the
count rate of the Ka photons stays almost constant. The fluctuations in the count
rate are in the order of a few percent and, therefore, a decrease below about 2% would
not be detectable. A 2% loss during the 8.5—5 time Span means a loss rate of ~ 0.046
ions per second. However, all the x—ray spectra were not recorded as a function of the
data acquisition time with respect to one duty cycle and, thus, results like photon flux
and ion abundance present average values which implicitly include the ion loss rate.
Since the amount of ions lost is proportional to the ion abundance the loss rate does

not influence the charge balance. Thus, during the period of data acquisition within
dN,

dt

each cycle the charge balance can be considered as time independent and equals
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zero for all charge states . Solving the rate equation for equilibrium conditions also
requires to take out the ion loss rate term because this quantity is not balanced by
any other process since the measurement was performed utilizing a pulsed gas injec-
tor and, thus, the introduction of neutral xenon took place only during the injection
period which was not part of the data acquisition interval.

The RR rates é,re calculated using the cross section values for the recombination
onto the K- and L-shells from Table 7.8. The RR cross sections for recombination
onto the M-shell are determined form the measured RR spectra. Due to the equal
amount of vacancies in the M—shell, the RR cross sections are roughly the same for
all trapped xenon ions. With this assumption the cross section for recombination
onto the M-shell, ogg v, is inferred from the comparison to the total RR rate’ for

recombination onto the L-shell by following relation

_ Nentspr TMaet,L 2q ORR, .o 1,0 Ny
ORRM = N ) (7.13)
cnts,L Tldet,M Zq q

where Nents s and Nens ;. are the number of counts in the M-shell and L-shell RR.
lines, 14 is the detector efﬁciency, and 3, is the sum over the different charge states
g, i.e., lithiumlike, heliumlike, hydrogenlike, and bare xenon. The ratio of counts
between the M~shelf RR lines and the L-shell RR: lines is 0.458 £ 0.002. The detector
setup efﬁciency only changes by 0.76% making the ratio 177’::; = 0.992. Using
eq.(7.13), the ion abundance listed in Table 7.8 and the L-shell cross sections from
Table 7.7 yields a RR cross section of org . = 0.142 £ 0.006 barn for recombination
onto the M-shell of each ion species. The ionization cross sections necessary for

determining the ionization rates in €q.(7.12) are calculated using the Lotz formula

(126, 127], ie.,

E Ez’oni
Tioni — a’tbz/ ' ’ .
EEion:i ‘ . (714)
where @ = 4.5-10""cm?%V? |

and b; is the number of equivalent electrons in the i—th subshell. The charge exchange

rates are defined by balancing eq.(7.12). For example, the gain of bare Xe®*t due
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to electron-impact ionization of hydregenlike Xe>** is balanced by the loss due to
capture either of a beam electron (RR) or of a bound electron (CX) from neutral
atoms like neon, which is continuously injected into the trap. With an electron density
of ng = (1.08 + 0.11)-10'2 L, and an electron velocity of v, = (1.71535 = 0.00051)-
10*° €l (see Table 7.4), the rates, normalized to one bare ion, are +0.644(74) s due
to ionization of hydrogenlike xenon (Giony_, = 9.7 barn) and —0.429(52) s due to
RR. Requiring equilibriun: conditions the charge exchange has to yield —0.215(90) —Sl—
Assuming an ion temperature of about 1 keV, and a neutral gas pressure of 10~ Torr,
ie., vg =3.88-10° € and ny = 3.3 10° ks, gives a charge e\change cross section
of ocx,_n = 1.7-107* cm?®. This is in perfect agreement with recent measurements
[128]. The calculated rates are listed in Table 7.12. The ionization rates are lower
limits due to the fact that fhe,Lotz formula systematically underestimates the true
ionization cross sections [129]. Thus, the values for the charge exchange recombination
rates are upper limits. The charge exchange cross sections inferred from the rates are
listed in Table 7.13.

The fraction of the recombination and lonization processes that populates the L-
shell levels and, thus, contributes to the observed line emission is estimated using
a combination of measurements and models. The populétion of the L;;; and Ly
subshells due to radiative recombination is calculated using the RR cross sections
values from Table 7.7. Assuming that the distribution within a subshell is according
to the statistical weights of the levels the population of the n = 2 levels can be
determined. Table 7.14 gives an overview of the types and statlstlcal weights of the
levels within the n = 2 subshells.

The enhancement of the n = 2 — 1 transitions at a given population density of
the n = 2 levels depends on the branching ratios of the radiative decdy channels.
For hydrogenlike ions the rates for spontaneous transitions within the L-shell are
negligible in comparison with the spontaneoﬁs radiative decay ratesof then =2 — 1

transitions. Thus, only the 2s;/, level has more than one significant decay channel,
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Table 7.12: Estimated rates for radiative recombination, charge exchange, and
electron-impact ionization. The rates are normalized to the presence of one bare
xenon ion in the trap — and, thus, 3.58+0.30 hydrogenlike, 12.741.0 heliumlike,
and 2.24+0.71 lithiumlike ions (see Table7.8). Additionally, a berylliumlike xenon
abundance of % the amount of the lithiumlike abundance was chosen for balancing
the loss of lithiumlike ions due to CX and RR with the gain due to ionization of
berylliumlike ions. This would be the maximum amount of berylliumlike xenon
that is not detectable with the current resolution of the RR spectra taken with the
detector GeSE. Thus, there are no uncertainties listed for rates which involve the
berylliumlike species since its abundance is inferred solely from the uncertaiaties of

the RR~spectrum fitting procedure.

ion species - RR ion CX
1 1 1
S S s
gain — 0.644 £ 0.074 —
bare Xe>**
loss  0.429 % 0.052 — 10.215 £ 0.090

ik xe53+v gain  0.429 + 0.052 4.79 £ 0.52  0.215 + 0.090
loss 0924010 0644 +0.074 3.87 + 0.54
b s S0 092E0QI0 4916 38705
loss 110 £012 479 £052 38+ 1.8
gain  1.10 % 0.12 1.9 38+ 1.8

loss 0.144 + 0.046 49+ 1.6 1.7

Li-like Xe51+

i.e., the two—photon and one-photon decay to the 1s;,2 groundstate [130, 131, 132] .
In hydrogenlike Xe®** the fraction of the two—photon decay is only 23% . Therefore,
- 88.5% of the LI,II subshell population contribute to the Ly-ag3 line blend. The
branching ratios for the n = 2 levels in heliumlike xenon were determined using
the theoretical predictions for the spontaneous radiative decay rates by Lin et al.

[133] and interpolating their results for xenon (Z = 54). Additional calculations by
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Table 7.13: The charge exchange cross sections for the highly charged xenon ions
are inferred from the charge exchange rates (see Table 7.12) assuming a neutral
density of ng - 3.3 -10° c_r% (neutral gas pressure in SuperEBIT ~ 1010 Torr),
and a velocity of vy = 3.88 - 10° ¢l between the neutral particles and the xenon

ions (ion temperature ~ 1 keV).

ion species CX
| 1071% cm?
bare Xe*** 1.68 & 0.79
H-like Xe®*+ 84 + 2.2
" He-like Xe®2* 2.4 +1.2

Table 7.14: List of the types (LS notation) and statistical weights (9, = 2J +1) of
the levels within the n = 2 subshells for the hydrogenlike and heliumlike isoelectronic

sequence.

Hydrogenlike  Heliumlike
Subshell Level g, Level gy

' 152515y 1

Lo 2o 2 s 3
182[) 3P0 1

b 2me A 2 1s2p®P, 3
1s2p'P, 3

bip - 2py2 ! 1s2p%P, 5

Osterheld (private communication) were implemented in the determination of the

branching ratios. The result: 93.4% of the Lyyy subshell population: contribute to

b
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the line w (1s2p'~ — 1521Sp), or the line blend w—x to be specific, the remaining
6.6% populate the 152535, level; 40.9% of the LI,II subshell population contribute
to the line emission of y (1s2p®P, — 1521S) and 46.7% to z (1s2s3%5; — 1521Sy).

A sketch visualizing the obtained branching ratios is shown in Figure 7.11. The

Hydrogenlike X e Heliumlike X 952*'

s P p
1/2 1/2 3/2
P

s
e Fre be

Figure 7.11: Branching ratios for the n = 2 — 1 transitions in hydrogenlike and
heliumlike xenon. The Einstein coefficients for the transitions were interpolated
from theoretical predictions for several heliumlike ions [133]. The values for the
152p3Py — 15215, transition and 152515y —— 15215, two-photon transition are
from Ref. {130, 131, 132] .

contribution of the RR onto the M-shell to the population of the n = 2 levels is
neglected in this estimate. This is justifiable because for most of the transitions the
branching ratios strongly favor the direct transition to the ground state. Moreover,
the underestimation of the effect of RR due to neglecting the M-shell RR processes
is balanced by the overestimation of the contributions due to CX processes since the
CX rates calculated above are upper limits.

The enhancement of the L-shell population of the heliumlike ions due to inner-
shell ionization (%7) of the lithiumlike species is estimated using the ionization cross
sections for heliumlike xenon given by the Lotz formula in eq.(7.14), i.e., 0wy, 4. =
Oiongen = 20.4 barn. Sin(;e most of the time the ions are in the ground state the
innershell ionization contributes only to the 1s2s excited heliumlike configuration.

Assuming a distribution according to the statistical weights 3/4 of the heliumlike
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xenon ions that are produced by innérshell jonization of lithiumlike ions have an
1525 excited level and, thus, radiatively decay by emitting a 1s2s 36, — 15215, x
ray.

The fractional population of the L-shell due to charge exchange recombination was
measured operating SuperEBIT in the magnetic trapping mode |134]. After highly
charged xenon ions were produced in SuperEBIT the electron beam was turned off,
~ and the ions were trapped in the radial direction solely by the magnetic field. Using
the pulsed gas injector a puff of xenon was injected and the x-ray emission observed.
Figure 7.12 shows the n > 2. — 1 transitions emitted by hydrogen— and heliumlike
xenon ions following charge exchange recombination with neutral xenon. With the
assumption that for the hydrogenlike Xe*** the distribution among the LI,II and Lyyp
subshells is equal, which would yield an intensity ratio of 0.885 between the Ly—a;
line and the Ly-ags line blend, the hydrogenlike n = 2 — 1 transitiong account
for roughly 1/3 of all the hydrogenlike n > 2 — 1 x rays. The heliumlike spectral
features show that the intensity of the n = 2 — 1 transitions is about 2/3 of the
overall n > 2 — 1 line intensities emitted by this ion species. About 40% of all the
charge exchange electrons which end up in the n = 2 shell populate the Ly subshell
and, thus, contribute to the transition w. The rest (roughly 60%) populat¢ the LI,II
subshells enhancing the transitions y and z. The fractional line intensities of y and
z are 46.7% and 53.3% respectively, according to the branching ratios determined
above.

For comparison with the measured cross sections the rates are divided by the
number of ions, the electron density, and the relative electron velocity. That way
an electfon—ion interaction equivalent cross section (&) for all processes considered
— including the Charge exchange recombination — is calculated. Subtracting these
contributions from the measured values yields cross sections which are determined by
electron—impact excitation only. For the hydrogenlike transition Ly-a;, for example,

‘the measured total cross section is Gezpr = 9.8 + 1.6 barn. The amount due to
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Figure 7.12: K-shell X-ray emission of helium~ and hydrogenlike xenon icns after
electron capture due to charge exchange with neutral xenon. SuperEBIT was op-
erated in the magnetic trapping mode. The series limit (n — oo) for the n — 1
transition is marked with a dashed line for each ion species (values are taken from
Table 7.1). The presence of counts above the series limit is due to the low resolving
power of the detector. K3 and K7y denote then =3 — 1 and n =4 — 1 traasitions,

respectively.

RR onto the Ly subshell of ba.rg xenon equals 5'RR¢,_.HﬁNf; = (.146 £+ 0.13 barn,
and cha.rée exchange between bare xenon ions and neutrals account for an electron-
ion interaction equivalent of cx,_, = 0.57 £ 0.26 barn. The adjusted value for
the measured Ly—-a; cross section is, thus, ¢ = 9.1 £ 1.6 barn. This is, however,
only an intermediate result, because there is one more adjustment necessary for the

determination of the electron-impact excitation values. This remaining adjustment
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is the estimate of the fractional population of the n = 2 levels due to electron—impact
excitation of n > 2 levels. These contribqtions to the xenon Ka spectrum were
estimated using calculations by Osterheld (private communication) which included
electron—impact excitation and radiative rates for all n = 2, 3, and 4 levels. The result
of these calculations, which is sketched in Figure 7.13, shows that the 2s levels receive
a substantial fracfion of their population density from upper levels. In hydrogenlike
xenon 85% of the 25y, level is populatéd direct}y by electron-impact excitation of -
the ground state, i.e., (Ls1j2 — 251/2). In heliumlike xenon only 23% of the observed
152535, — 1521Sp x rays are due to electron—impact excitation from the ground state
to this level. A compilation of the contributions due to processes other than electron—
impact excitation of the n = 1 — 2 transitions is given in Table 7.15. The electron—
impact excitations are extracted by subtracting the RR, innershell ionization, and‘
CX contributions from the measured values. An overview of the measured total cross
sections, the experimentally determined electron-impact excitation cross sections and .
the theoretical predictions is given in Table 7.16 and shown in Figure 7.14.

The comparison shows that agreement between the measured and theoretically
predicted values is found for the hydrogenlike transitions. The heliumlike transitions,
however, significantly disagree despite the rather large uncertainties for the measured
values. The disagreement is most significant for the 1s2p'P, — 15215, transition (w),
where the measured and calculated values are separated by 5.3 times the 1-o confi-
dence limit which presents the statistical uncertainty of the measured electron-impact
excitation cross section. The cross section for the transition y, i.e., 1s2p3Py — 15%1S,,
shows a deviation from the calculated value of 2.3 times the statistical error of the
measured quantity, and for the 152535, — 15215, transition z the difference between
measurement and theoretical prediction is 1;9 times the statistical uncertainty of the
measufed cross section. Sovfar, only two measurements have been performed in-
vestigating the electron-impact cross seéctions of highly charged heliumlike ions. One
measurement focused on heliumlike btitanium, Tim‘*',‘covering an impact energy range

)
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Figure 7.13: Population of the n = 2 levels in (a) Xe®* and (b) Xe%%* due to
électron—impact excitation and radiative de excitation. The model includes electron—
impact excitation of all n = 2, 3, and 4 levels. Only transitions with a contribution
of > 1% to the total population density of the excited n = 2 levels are shown. The
separation in vertical direction is according to shells, i.e., K-shell (n = 1), L-shell
(n = 2), etc., in horizontal direction according to subshells, i.e., I (s1/2), I (p1/2),

T (p3/2) etc.. The heliumlike levels also include the LS notation for the levels.

from threshold up to 1.7 times threshold {135|, the second measurement presents

the electron—impact cross sections for heliumlike ions from Z = 22 to 26, i.e., TiZ®*,
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Table 7.15: Electron impact excitation cross sections for the n =1 — 2 transitions
in heliumlike and hydrogenlike xenon. The values are extracted from the measured
total cross sections after accounting for RR, innershell ionization (i), CX. The
contributions are given in form of an electron—ion interaction equivalent cross section
(notation &), e.g., the cross section values presenting the céntribution due to CX are
not the actual CX cross sections. The fractional population fpop of the n = 2 levels
accounts for electron-impact excitation of all n > 2 levels “followed” by radiative
decay. The uncertainties listed combine statistical uncertainties and uncertainties in
the contribution from the adjustments with respect to the RR, CX, and ii processes.
A systematical uncertainties has to be “added” due to the 3% uncertainty in the

theoretical values of the RR cross section which was-used for the normalization of

the measured electron—impact cross sections.

line Tezpt ORR dcx Oii Jpop Oee
barn barn barn barn barn
Ly-c; 98+16 0146 +0.013 0.57 £0.26 — 0944 8615
Ly-a23 104 £3.7 0.734 &£ 0.064 0.50 £ 0.23 — 0.904 82+34
W 11.8 + 1;8 0.127 + 0.009 4.29 £ 0.99 — 0950 7.0+20
y 74+14 0.332 +0.023 3.00 £0.63 — 0953 39+ 1.5
z 11.34+ 1.8 038 +0.027 343 +072 271 +£084 0227 1.08+ 048

V2t Cr22t Mn?**, and Fe?**, near threshold for excitation of the heliumlike tran-

sitions [136]. In both measurement a slight overestimation of the electron-impact

excitation cross sections for the heliumlike transitions 1s2p'Py — 1s%!Sp (w) and

1323-351.—> 15215, (z) was found. In a recent paper by Fontes et al. [5] the electron—

impact excitation cross section calculations were refined by including the generalized

Breit interaction. Fontes et al. compa,re the results for the collision strength of hy-

drogenlike and heliumlike xenon obtained by considering only Coulomb interaction

and by including the generalized Breit interaction. The impact energy is close to
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Table 7.16: Comparison between the:experimental and theoretical values for the
electron impact excitation cross section for the n = 1 — 2 transitions in heliumlike
and hydrogenlike xenon. The experimentally achieved electron-impact excitation
values o, are extracted from the measured total cross sections Oexpt after account-
ing‘for radiative recombination, innershell ionization, and charge exchange (see Ta-
ble 7.15). The uncertainties listed combine statistical uncertainties and uncertainties
in the contribution from the adjustments with respect to the RR, CX, and ii pro-
cesses. Additionally, a 3% systematical uncertainty arises from the normalization
with respect to the theoretically predicted RR cross sections. The theoretically
predicted values oypeo are fully relativistic calculations utilizing the Sampson code

[124]. The Breit interaction was not included in this calculations.

line Oezpt Oce Otheo
barn barn barn

Ly-; 98+16 86+15 8.256
Ly-a;3 104 +£37 82434 6.541
w 118+18 7.0£20 1745

y 74+14 39+15 7313

z 11.3+18 1.08 +048 0.172

threshold in their calculations, in particular, the energy of the scattered electron is |
kept constant at 300 eV, which is, unfortunately, not achievable in any experimental
setup. Including the Breit interaction has most significant impact on the 2s — 1s
transitions. For hydrogenlike xenon the electron-impact excitation cross sections for
the Ly—as 3 blend are increased by 18.5% , for the Ly-a, transition, however, a de-
crease of 0.9% is predicted. The heliumlike transitions are similarly effected, i.e., an

increase of 7.1% for v, 7.3% for z, and a decrease of 7.5% for w. However, the theo-

retical values are for near-threshold conditions and, thus, can not be incorporated in

the analysis of the cross sections which were measured at an electron—impact energy
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Figure 7.14: Comparison betweenk the experimental and theoretical values for the
" electron impact excitation cross section for the n = 1 — 2 transitions in heliumlike
and hydrogenlike xenon. The plot shows the measured cross sections gezpt, the inter-
‘mediate values obtained after adjustment with respect to radiative recombination,
innershell ionization, and charge exchange are denoted oin;. The final electron—
impact excitation values o, include the correction with respect to the fractional
population listed in Table 7.15. The uncertainties shown are statistical uncertainties

“only. The theoretically predicted values have been calculated utilizing the Sampson
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code [124]. The Otheo Tesults (only calculated for the heliumlike transitions) do

not include relativity, Oineo re are fully relativistic calculations.

of 3.7 times the excitation threshold.



7.1.4 Determination of the wavelengths

The high precision of the crystal holder rotation mechanism allows a very accurate
determination of the dispersion of the recorded high-resolution spectra. The Bragg

angle difference Af between the centroids of two spectral lines ¢ and 7 is:

Al = e — il =

Ts,i Ls,j )
arctan { — | — arctan | —=—
( R ) ( R

with ¢ being the angle of the crystal holder with respect to a arbitrarily chosen

(7.15)

k]

-reference, R, the distance between the center of the rotation stage and the point of
contact of the stepper-motor driven micrometer-screw, and x5 the amount of actuator
movement. The assignment of the geometric quantities is shown in Figure 7.15.
The absolute values are chosen because it depends on the setup geometry whether
increasing values of the crystal holder angle increase or decrease the Bragg angle.
The maximum Bragg angle difference encountered ‘during the observation of the Ke
emission of the highly charged xenon ions is 0.374°. Therefore, the deviation due
to the approximation ¢ ~ tan is below 14 ppm, much better than the accuracy
achieved in following wavelengths measurement. This approximation changes the

previous equation to

Tsi — Ts,j (Ns,i - Ns,j) A:"‘35>'tep
R, R,

The actuator movement z, is a multiple of the minimum step length z.,. Thus,

|A: ;| =

= |ANs; ; Patep

(7.16)

the  Bragg angle difference can be expressed as a multiple of the minimum angular
increment @sep. The number of steps N, between two line centroids is determined
by the result of the line fitting procedure. The ball point design of the actuator—
lever contact keeps the distance R; almost constant, i.e., the change is below 10 ppm
for a rotation of less than 0.4°. The minimum angular increment per step equals
DOstep = (3.569 + 0.005) - 1074 ﬁf?’ and was measured using an optical setup.

The transmission spectrometer in its current setup is not equipped for absolute

Bragg angle measurements and the determination of the wavelengths requires the
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. Figure 7.15: The rotation of the transmission crystal is performed by means of

a stepper motor driven actuator which pushes a lever at a distance of 6%”' from
the pivot point, i.e., the center of the rotation stage. The geometric quantities
which determine the dispersion defined by this rotation mechanism are the distance
between the pivot point and the point of contact of the actuator R;, and the length of
actuator movement . The change in angle ¢ equals the difference in Bragg angle.
The ball-point design of the actuator—lever contact keeps the effective rotation arm

R; nearly constant.

observation of at least one calibration line. Therefore, the wavelengths and transition
energies were determined relative to Ly—a;, since the predicted values for the transi-
tion energies in hydrogenlike systems are known to a high degree of accuracy. For the
xenon Ly—a; transition energy, for example, ﬁhe uncertainty in the theoretical predic-
tions by Johnson and Soff [27] are only 2.9 ppm, in particular, the transition energy
is 31283.77(9) eV, thus, the wavelength equals 39.6321(1) pm. With this wavelength
and a 2d-spacing of 2.3604 A for the (1340)-oriented Quartz crystal the Bragg angle
is 9.6660 °, according to eq.(5.9). The distance to the éentroid of the neighboring
Ly—aqs blend is 380.0 steps. Using eq.(7.16) gives a Bragg angle difference of 0.136°
and, thus, a wavelength of 40.183 pm for this spectral feature. The values obtained for -

the Bragg angles, wavelengths, and transition energies for both measurements SE28
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and SE37 are listed in Table 7.17. The accuracy is currently limited by counting
statistics. In fact, an increase in the number of counts of at least a factor of 10 would
be necessary to match the much lower uncertainty associated with the determination

of the dispersion.

Table 7.17: Determination of the Bragg angles, wavelengths, and energies for the n
= 2 — 1 transitions in hydrogenlike and heliumlike xenon. The theoretical predic-
tions for the Ly—ay transition energy from Johnson and Soff {27], i.e., 31283.77(9) eV,
was used for calibration of the observed spectra. The uncertainty listed for the Ly-
oy values are due to the uncertainty of the line centroid determination which, of
course, effects the uncertainties of all the other transitions, too. The 2d-spacing
of the (1340) Quartz crystal equals 2.3604 A[101]. For the wavelength to energy
conversion the voltage-wavelength product of V A = 12398.4243 eV Awas used.

line 0 A E AV
° pm eV ppm
| SE28 B
Ly-aq  9.6660 £+ 0.0010 39.632 £ 0.004 31283.8 £ 3.3 100_
w  9.8758 + 0.0013 40.484 + 0.005 30625.5 +4.0 130
y 10.0139 £ 0.0013 41.044 £ 0.006 30207.3 £4.1 140
z 10.0418 £+ 0.0012 41.158 + 0.005 30124.2 3.9 130
SE37 ,
Ly-o;  9.6660 £ 0.0007 39.632 + 0.003 312838 +23 70
Ly-023 9.8016 + 0.0018 40.183 £+ 0.007 30855.0 £ 5.7 180
w  9.8761 + 0.0013 40.485 + 0.005 30624.5 £ 4.0 130
q 9.9075 + 0.0043 40.612 + 0.018 30529 £ 13 430
y 10.0113 4 0.0015 41.034 + 0.006 30215.1 + 4.5 150
z 10.0395 + 0.0013 41.148 £ 0.005 30131.3 £39 130

A comparison between measured and theoretically predicted values for the transi-
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tion energies is given in Table 7.18. For the hydrogenlike tfa.nsitions Johnson and Soff
[27] predict transition energies of 30856.36(9) eV for the Ly-az and 30863.49(9) eV for
the Ly—a3 line. A line blend of 65% Ly—a, and 35% Ly-as — the relative intensities
are taken from a model including electron-impact excitation and radiative decay of
all n < 5 levels, see Section 7.1.3.3 — would have the centroid position at 30858.9 eV
and, thus, agreemént between the theoretically and experimentally achieved values
exists within the 1-¢ confidence limit of the measurement. For the transition eﬁergies
in heliumlike systems there are several recent theoretiza.f;'.calculations available which
are based on combining high-precision nonrelativistic variational calculations with
relativistic and quantum electrodynamic corrections, also known as unified method
(UM) [36], all order many body perturbation theory (MBPT) [37]%, and configuration
interaction (CI) calculations [115, 100]. The results utilizing the various. theoretical
approaches deviate from each other by less than 50 ppm. The measured values of
the Xe%" transition energies have, unfortunately, uncertainties up to 140 ppm and,
thus, do not allow to distinguish between the different theories. Despite the large
uncertainties disagreement with respect to the 1-¢ confidence limit has been found
for all theoretical predictions for the lines w and y, i.e., the 1s2p'P; — 1s?'S; and
152p3P; — 15219, transitions, respectively. Figure 7.16 visualizes the comparison by
plotting the relative deviation in ppm. The reference for the hydrogenlike transition
energies is the result obtainéd by Johnson and Soff [27]. For the heliumlike transition
energies the values calculated by Drake are taken as a reference [36.

Besides lowering the uncertainties of the measured values, the goal for a success-
ful benchmark test of the theoretical predictions is calibrating the spectrum on a
purely experimental basis. Such a measurement would tie the observed position of
the spectral line to the primary x-ray standard, ie., the W Ka; x-ray ‘einission.
A possible scenario of such a calibration for the transmission crystal spectrometer

measurements involves measuring well known lines emission in the 30-keV x-ray en-

35The term “all order” in this paper refers to (Za)3 contributions.
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Table 7.18: Comparison between measured and theoretically predicted transition
energies for the hydrogenlike and heliumlike xenon Ka lines. The measured values
Eezpt are taken from Table 7.17. For the heliumlike transitions w,y, and z the average
of both measurements SE28 and SE37 was taken. The theoretical values are from

~ Johnson and Soff Ej&.s [27], from Drake Ep [36], Plante et al. Ep [37], and Chen
et al. and Cheng et al. Ecgce [115, 100].

Hydrogenlike transitions

line Eerpt Eas
eV eV
Ly-as 30856.36
Ly—as 30855.0 £ 5.7 20863.49
. Heliumlike transitions
line Eexpt Ep ‘ Ep Ecwc
eV eV eV eV
w  30625.0 + 2.8 30629.28 30629.68 30630.64
X — 30593.54 30593.93 30594.96

y 302112 £4.1 30205.58 30205.87 30206.90
z 30127.8 £3.9 3012840 30128.78 30129.79

ergy band, e.g., the Koy o lines of cesium. Unfortunately, involving the emission of a
neutral particle excludes its use during the dperation of the electron beam since im-
mediate electron—impact ionization would shift the transition energies. Performing a
successive calibration is possible by positioning a slit with a width comparable to the
electron beam diameter exactly at the position of the electron beam and illuminating
the slit with an x-ray source emitting Cs Ka photons, such as a !**Ba radioisotope.

However, the accuracy of the slit placement has to be in the order of +10um for

achieving an energy calibration with an uncertainty below +1 eV. Currently, the slit
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Figure 7.16: Relative deviation between measured and theoretically predicted tran-
sition energies for the hydrogenlike and heliumlike xenon Ko lines. The reference
for"the hydrogenlike transition e.nergies is the result obtained by Johnson and Soff
[27]. For the heliumlike transition energies the values calculated by Drake using the
unified method (UM) are taken as a reference [36]. The values marked with a “4”
were calculated by Plante et al. [37] summing all-orders of many-body perturba-
tion theory (MBPT). The “X” represent the values obtained by Cheng et al. and
Chen et al. [115, 100] applying relativistic conﬁguration interaction (CI) calculations

combined with ab initio QED calculations.

position is controllable only within £140 um, i.e., the amount of thermal expansion
of the slit mount versus drift tube mount caused by the cryogenic cooling of the Su-

perEBIT device. This shift introduces a systématic uncertainty of about 12 eV for

174



the measured transition energies and, thus, this method of calibration is currently
not feasible. However, the need for a calibration line for the high-resolution spec-
tra recorded with the transmission-type crystal spectrometer was the motivation for
fneasuring the xenon Ly-a; transition energy with respect to the primary x-ray stan-
dard utilizing state-of-the-art germanium detectors, described in Section 5.1. That
way, the measured transition energies of the hydrogenlike and heliumlike lines can be

tied to the measured value of the Ly-a; transition energy.

7.2 Measurement of the Ly—a; transition energy in hydro-

genlike Xe?+

The following measurement was clearly motivated by the need of calibrating the highly
fesolved xenon Ka spectrum. However, a precision measurement of the Ly-a; transi-
tion energy with respect to the available x-ray standards is an important test bed for
the implementation of QED and nuclear contributions in the atomic ‘s’cruct;ure calcula-
tions. The experimental goal of measuring the 1-s Lamb shift in hydrogenlike high-7
ions to the sub~1-eV level promises sensitivity towards so called two-loop QED effects
[137, 138, 31| . Currently, the most precise test of QED are high-resolution measure-
ments of the 2p — 2s transitions in lithiumlike high-Z ions [139, 140, 141, 142] .
However, advancements in the precision of the level energy measurements for hydro-
genlike systems are still highly appreciated since those one-electron systems are the
theoretically best understood configurations. Recent measurements of the hyperfine
splitting of the groundstate of hydrogenlike high-Z ions have shown that the accuracy
is limited by the uncertainty of nuclear parameters, such as the magnetic moment
[33, 35][33, 35]. Using xenon should be, thus, an advantage since the nuclear size ef-
fects are still small in comparison with the highest—7 ions, like thorium and uranium,

respectively.
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7.2.1 Experimental setup and measurement

The Ly-a; transition en/ergyv measurement was performed parallel to the high—resolution
transmission-type crystal spectrometer measurement discussed above. Two state—of—
the-art germanium detectors were used for successively observing the Ko x-ray radi-
ation emitted by the highly charged xenon ions in the trap and the spectra of x-ray
sources containing the Ko emission of cesium and barium. The detectors are labeled
Geay in the experimental setup which is shown in Figure 7.1. The two detectors are
a high-purity germanium detector which will be referred to as (EGG), and an in-
trinsic germanium detector in following abbreviated as (PGT)%. Both detectors had
the same germanium crystal geometry, i.e., a 16-mm diameter 10-mm deep cylinder.
The thickness of the beryllium windows was 127 um in both cases. The detector
| setup efficiency is above 97% , i.e., more than 97% of the xenon ‘Ka photons emit-
‘ted into the solid angle defined by the detector are detected. This already inéludes
the absorption due to the beryllium windows mounted in SuperEBIT and due to the
air between the SuperEBIT access port and the detector beryllium window (see also
Table 7.6, page 143). Due to mechanical constrains, hoWever, the distance between
SuperEBIT and the detector window was about 50 mm larger for the PGT detector.
In pafticula,r, the optical path length through air was 95 mm for the PGT instead of
~only 45 mm for the EGG. Thus, the solid angle of the PGT detector sefup’ is only
0.0016 sr versus 0.0022 sr for the EGG detector setup. | '
The nominal resolution given for 5.9-keV x rays is 195 eV for the EGG detector
~and 185 eV for the PGT detector. Using eq.(5.7) (page 73) the resolution at photon
energies of about 31.3 keV, i.e., the Ly~«; transition energy, is 298 eV and 292 .eV
for the EGG and PGT, respectively. Thus, the detectors are suitable to resolve the

xenon Ly-a; transition which is separated from the adjacent spectral features, the

3High-purity germanium detector with a planar crystal geometry from EG& G ORTEC, Model

No. GLP 16195/10.
3TIntrinsic germanium detector with a planar crystal geometry from Princeton Gamma Tech,

Model No. IGP 210185.
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Ly-a,3 blend and the 1s2p*Py — 1515y transition in heliumlike xenon by more than
400 eV. Figure 7.17 shows the n > 2 — 1 transitions of highly charged xenon recorded
with both detectors. The comparison between the two spectra shows that the EGG
detector has, actually, the higher resolution. In particular, the measured resolution,
which is inferred from the width of the recorded lines, is about 270 €V for the EGG
and 360 eV for the PGT detector.

In two to three Lour intervals the detectors were switched between the SuperEBIT
observation port and the calibration stand shown in Figure 7.1. The Ka fluorescence
of cesium and barium was used for the calibration of the xenon spectra recorded at
the SuperEBIT port. Thus, the calibration stand was equipped with the radioisotope
133Ba, which after K-shell electron capture emits the Cs Ka x-rays, and the radioiso-
tope 2**Am, which was covered with a barium window, thus, producing the Ba Ka
fluorescence. The activities of the radioisotopes were 0.59 uCi for the **Ba source
and 9.84 uCi for the 2*!Am source. The calibration stand was adjusted in such a way
that for the detector with the higher resolution the count rate of the Cs Ka emission
was about twice the average count rate of the Xe Ly-c; transition when the detector
was placed at the observation port of SuperEBIT. Therefore, the count rate for the
Cs Koy x rays was higher, and for the Cs Koy x rays was lower than the count rate
for the Xe Ly—a; x rays. Matching the count rates for measurement and calibration is
important for high—precision measurements since the electrical field across the germé-
nium crystal and, thus, the magnitude of the detected current pulse is sensitive to the
amount of electron—hole pairs created by photon impact. A spectrum combining the

barium, cesium, and highly charged xenon Ka emission is presented in Figure 7.18.

7.2.2 Analysis and calibration

The centroid position of the spectral features was determined using two different
line-shape functions for the fitting process. One result was obtained by assuming a

Gaussian line profile, the other by fitting a profile that accounts-for the response of
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Figure 7.17: Rydberg series of the n > 2 — 1 transitions in highly charged xenon
recorded with (a) a high-purity germanium detector (EGG) and (b) an intrinsic
germanium detector (PGT). Both detectors have a planar germanium crystal ge-
ometry of equal size, i.e., a 16-mm diameter 10-mm deep cylinder. The measured
- resolution is about 270 eV for the EGG and 360 ¢V for the PGT detector. The spec-
tral feature around 33 keV x-ray energy are caused by highly charged barium that
comes from the electron g‘un' and, thus, is an impurity intrinsic to the SuperEBIT
device. Each of the two spectra represents roughly three hours of data acquisition

time.
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Figure 7.18: Ko spectra of (a) highly charged xenon ions, (b) cesium, and (c)
barium. The cesium fluorescence is emitted by a !3°Ba radioisotope, which after
capturing a K-shell electron converts into an innershell excited 3*Cs*. The barium
K« radiation is emitted by a barium foil which is illuminated with the radioisotope
24Am causing K-shell photoionization in the barium. All three spectra together

represent about 12 hours of data acquisition time.
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~ the gerrﬁanium' detector, i.e, Compton profile and escape peak behavior, as discussed
in Sectibn 5.1.2 oﬁ page 73). The line éentroid values determined by fitting the EGG
spectra with the germanium detector profile are pldtted as a function of SuperEBIT
runtime in Figure 7.19. The few times when the high voltage for the detector was
turned off are indicated in this. plot, too. The result shows that there are significant
shifts over time in the positions of all lines. It clearly emphasizes the need of contin-
uous calibration for high-precision measurements. Otherwise, this long-ter_r;‘l drift of-
the pulse-height signal of the detector introduces a systematic uncertaint-,y vaA/hich is
- more than an order of magnitude bigger than the statistical uncertainty based on the
number of counts in the spect.ral line. _

In the present evaluation of the xenon Ly-c; transition energy three different
ways accounting for the line shifts are compared. One result is obtained assuming
that the line shifts are purely statistical and, thus,-using the weighted average of the
measured line centroid positions for the evaluation of the dispersion and the transition
energy. The other two results account for the significant line shifts using the nieasured
time behavior of the line centroid positions for interpolation of the cesium Kaj o
centroid positions with respect to the time marking the measurement of the barium
and xenon spectra. A linear and a quadratic interpolation was applied for creating
the time-shifted set of cesium line ceﬁtroid positions. With the adjusted cesium and
the barium line positions the dispersion of the detectors was determined. Both, a
linear and a non-linear dispersion relation was evaluated. For the determination of
- the xenon Ly-a, transition energy only the slope of the detector’s energy dispersion is
of importance. The offset, i.e., the zero-order coefficient, was inferred from adjacent
cesium measurements. Additionally, all data taken with the EGG detector were also
fitted with a Gaussian proﬁie and the Ly-a, transition energy analyzed as described
above. The impact of the different ways accounting for the line shape, the line shifts,
and the detector dispersion on the result, i.é., the xenon Ly-a; transition energy

values, can be seen in Table 7.20.
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Figure 7.19: Centroid positions of the spectral lines given in the arbitrary quantity
Channel Number recorded with the EGG germanium detector as a function of the
SuperEBIT runtime, i.e., the duration of the experimeht. The statistical uncertain-
ties for the centroid positions are about the size of — in most cases actually smaller
than — the symbols used in this plot. Thus, the shifts in the centroid positions are
significant. The dashed lines indicate when the high voltage power Supply for the
EGG detector was turned off. The shutdown at the 11-day time mark was caused

by a high—frequency transient in the electrical system.

The energy values for the calibration lines are from the CRC Handbook for Chem-
istry and Physics [143] and are listed in Table 7.19. These values are taken from a
paper by Bearden published in 1967 [144] and require correction due to changes in
the value for the voltage-wavelength product (V' A) and the value for the ‘conve‘rsion

factor of the wavelength units (A*/A) [145]. The A*/A correction incorporates also
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the most recent result of the 2d spacing of the (220) oriented lattice planes in a nearly
perfect silicon ‘cryétal [146, 147| (see Table A.1, page 194). Additional adjustment is
required for the uncertainties, which reflect the probable error (abbreviated as “p.e.”

in the wavelength and energy compilation by Bearden) which is defined as a 50%

confidence limit and doés not include the uncertainty of the A* unit due to the uncer-

tainty of the W Ka; measurement. Even though the original paper |144] emphasizes

the fact that Gaussian statistics was not applicable for most data, it seems to be the

standard approach to convert the “p.é.” values to a 67% confidence limit by assuming
Gaussian distribution and, thus, to multiply the uncertainty values by a factor of 1.48 .,
(e.g. [148, 149, 118] ). For the calibration both the cesium and barium transition

energy values were taken from the widely used compilation by Bearden. The most
recent measurement available for the barium Ka transition energies {150] is also listed

in Table 7.19. The implementation of this values for the barium Ko lines would cause

a decrease in the measured hydrogenlike xenon line by less than 0.5 eV, i.e., less than

16 ppm.

The dispersion of the germénium detector was determined utilizing a linear and
quadratic regression. The result of the non-linear regression gave a high uncertainty
in the higher order terms showing that the cons_t}ella.tion of the four calibration points
Cs Kair,2 and Ba Kay 5 is sufficiently described by a linear regression. The high uncer-
tainty in the non-linear terms propagates through the whole analysis and increases
the uncertainty of the final result of the transition energy, as seen in Table 7.20. The
first row of values in Table 7.20 was obtained by simply taking the weighted average
of the measured line positions for the Cs Ka; 2 lines, the Ba Ka; ; lines, and the Xe
Ly-a; line. This approach does not account for the shifts of the centroid positions
“displayed in Figuré 7.19. Neglecting this significant line shifts introduces a systematic
uncertainty which is not included in the result of (31273.1 £ 5.3) eV. The big differ-
ence between the energy values obtained when applying a Gaussian profile instead of

the germanium detector profile proves the significance of the impact on the symmetry
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Table 7.19: Transition energies of the cesium and barium calibration lines. The
energy values in column F¢ge are taken from the compilation published by Bearden
[144). These values are also listed in the Handbook of Chemistry and Physics [143).
E.q; are the adjusted energy values incorporating the current values for the x~ray
standards {145) and the most recent measurement of the 2d spacing of the Si (220)
crystal [146, 147]. Only for the Ka emission of barium a more recently measured
value is available, Ey,.. {150]. This value, too, was adjusted to the current x-ray

standards.

Line Ecre Eod ' Erec
eV eV eV
Cs Ka, 30625.1(3) 30626.32(44)
Cs Kay 30972.8(3) 30974.06(46)
Ba Ka, 31817.1(4) 31818.39(61) 31816.62(6)
Ba Koy 32193.6(3) 32194.89(50) 32193.27(7)

of the measured line profile due to the detection mechanism of a gerrr{énium detector.
In fact, the lower resolution of the PGT detector did not allow a successful fit of the
recorded spectra when using a Gaussian profile. But even when applying the germa-
nium detector profile the results obtained with the PGT detector are unsatisfactory
due to the rather poor resolution of the spectra. Therefore, no result was obtained
using a non-linear line position interpolation and detector dispersion determination
for the PGT data.

Accounting for the shift of the centroid positions improves the result with respect
to the uncertainty indicating less scatter of the individual transition energy values
obtained for each xenon spectrum. The difference between linear and non-linear
interpolation of the line centroid position is within the uncertainty of the measured

transition energy values. This indicates that additional refinement of the function
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Table 7.20: Comparison of the results for the xenon Ly—c; transition energy. The
different results are obtained by fitting the recorded lines with a Gaussian profile
(GauB) and a germanium detector profile (Ge—det). Neglecting the shifts of the line
centroids over time yields the “none” values. Applying a linear and a non-linear
interpolation for the determination of the time dependence of the line centroid po-
éitions reduces the scattering of each value and, thus, reduces the uncertainty of the
results. The “none” and “linear” values are based on a linear dispersion of the ger-
manium detector. The “non—linear” results also implement a non-linear dispersion.
The increased uncertainty arises from the uncertainties of the higher order terms
in the non-linear dispersion showing that the constellation of the four calibration
points Cs Ko 2 and Ba Ko 3 is sufficiently described by a linear regression. The
large deviation of the PGT result from the theoretical value is not surprising consid-
ering the rather poor resolution (see Figure 7.17). The implementation of the more
recent energy value; for the barium Ka lines (listed in Table 7.19) would cause a

decrease in the measured hydrogenlike xenon line by less than 0.5 eV, i.e., less than

16 ppm.
Xe33+ Ly~d1 transition energy (eV)
Adjustment EGG PGT
GauB Ge—det Ge—det
| none 31266.9 + 4.2 31273.1 £ 5.3 31267.9 + 5.5
linear 31271.3 +4.0 312792 + 1.5 31266.0 + 4.1
non—linear 31270.6 £ 5.3 31278.5 = 1.7 —
Theoretical prediction: 31283.77 + 0.09

describing the time dependence of the line positions is not necessary.
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7.2.3 Discussion

The following discussion focuses on the result with the smallest uncertainty, i.e., the
measured xenon Ly-a, transition energy of -(31279.2 + 1.5) eV obtained applying
a germanium detector line profile, linear dispersion, and linear interpolation for ad-
justing the centroid positions of the calibration lines with respect to the time of
measurement. Although this value ‘is closest to the theoretical prediction of Johnson
and Soff [27], i.e., Etpeo = (31283.77 £ 0.09), there is still a signiﬁcaﬁt disagreement
of 4.6 eV (= 150 ppm) between the measured and the theoretical value, which is
more than three times the 1-o confidence limit of the measurement. Such a result is
very surprising since the atomic structure of hydrogenlike system is well understood.
That well, in fact, that it is common practice using theoretical predictions for the
transition energies as a calibration reference [151, 152].

Since the measured value depends on the transition energy values used for the cal-
ibration lines, the disagreement could very well arise from those cesium and barium
Ka transition enefgy values listed in Table 7.19. As mentioned above, those values
are from an x-ray wavelengths compilation published by Bearden [{144]. In this paper
Bearden discusses the difficulty of the line centroid assignment due to some asym-
metry of the measured line profiles. Taking the position of the line peak instead of
the line centroid seemed at that time the best solution. Thus, strictly speaking those
values are only applicable if the experimental setup, i.e., the spectrometer and the x—
ray source, reproduces exactly the same line profile and radiation, that was observed
in the measurement which the calibration values are based on and, thus, the line
peaks can be evaluated instead of the line centroids. Even under the assumption that
those calibration spectra contained lines with a symmetric profile aﬁd, therefore, the
peak and centroid position are identical, the compatibility is not guaranteed unless
the same type of x-ray source is used. The standard equipment for those calibration
measurements was a flat—crystal spectrometers and an x-ray tube. _The calibration

in the present measurement, however, is based on the characteristic Ka x-ray fluo-

185



rescence involving radioisotopes. In particular, the cesium Ko radiation is emitted
by the radioisotooe 133Ba, after a K-shell electron capture reaction, and the barium
Ka fluorescence is,fhe radiative decay after photoionization due to illlllllination of
the barium foil with the radioisotope 24Am. In X-ray tubes, however, the character-
istic Koo x-ray fluorescence is emitted in response to electron-impact ionization and
perhaps electron-impact excitation. The energy density deposited into the target by
electrons is much higher than by photons and, thus, shake-up and shake—off processes
are more common in an x-ray tuové‘g;,rget than in a radioisotope based x-ray source
[153, 154]. These changes in the excitation and ionization stages, naturally, shift the
energy of the emitted characteristic x rays. Moreover, the heat load onto the anode in
- an x-ray tube requires sometimes the use of a more heat resistive compound, which
causes a shift in the energy of the emitted characteristic x-rays, too. The change in
the level étructure due to the surrounding material might be an important argument
against the use of the '*Ba radioisotope for high precision measurements utilizing
the characteristic cesium Ka fluorescence.

Additionally, the position of the line centroid can be shifted due to scattered pho-
tons which have a slightly lower energy. T};e design of the calibration stand used for
this measurement, for example, did not include any aperture in order to reduce the
intensity of characteristic x rays which reach the detector after being scattered from
the wall. The perfect design, of course, would be a replication of the SuperEBIT
setup with respect to the geometry and the materials. Such a calibration stand, thus,
would provide the same conditions for emitted cesium and barium x rays, as there
are for the x rays emitted by the highly charged xenon ions.

The decision whether the disagreement between the niea.sured and the theoretical
value for the xenon Ly—q; transition energy is due to inaccurate transition energy
values of the calibration lines, or a reevaluation of the theory for the atomic structure
of the hydrogenlike ions is necessary, depends on the availability of high-precision

measurements regarding the characteristic cesium Ka x rays emitted by the 3*Ba ra-
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dioisotope. This measurement, however, certainly proves that continuous calibration
of the measured spectra is necessary to account for long-time drifts of the detector
response. These significant shifts of the line r‘centroid position over time also limit
the maximum accuracy achievable with those germanium detectors. Estimating the
accuracy using plain statistical considerations gives an uncertainty of only £0.16 eV
for the Ly-ay traﬁsition energy measured with the EGG detector which accumulated
a total of 526000 counts in the hydrogenlike xenon line. This shows that the uncer-
tainty is not at all limited by counting statistics and further improvement with respect
to the accuracy requires the implementation of instruments with a higher resolvin‘g
power.

7.3 Conclusion ;
The current measurement opened a window on high-resolution hard x-ray spec-
troscopy of highly charged ions. All previous measurements involving the n =2 — 1
transitions in highly charged xenon were based on solid state detectors {155, 156, 134]
. The low resolution of these detectors in comparison with a crystal spectrometer
limits the achievable accuracy as demonstrated in Section 7.2. Although the current
measurement of the xenon Ly—«; transition energy is about six times more accurate
than the so far most precise measﬁred value [155], it actually shows that further refine-
ment in the experimentally achieved transition energy values requires spectrometers
with a much higher resolving power than it is offered by solid state detectors.

The successful implementation of such a high~resolution‘ spectrometer is demon-
strated in Section 7.1. The instrument, a transmission—type crystal spectrometer,
shows a ten times higher resolving power than the best germanium detector currently
available. The high resolution enables the separation of the heliumlike transitions z
(15253S; — 1521S;) and y (1s2p®P; — 152S;), and of the heliumlike transition w
(1s2p'P, — 15%1Sp), the lithiumlike transition q (152s2p?Ps, — 1s* 25°51,) and
the hydrogenlike Ly-as3 blend (2p1/2 — 1812, 25172 — 181/2. Even though the mea-
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sured cross sections have uncertainties above 10%, signiﬁcant disagreement is found
between the nleaeured and theoretically predicted values for the transitions in he-
liumlike Xe®**. The theoretical values are fully relativistic distorted wave function
ealculations, which do not include the Breit interaction. The measurement shows,
however, that the contribution due to the Breit interaction between the two bound
and the free electron must be of signiﬁcant magnitude. Preliminary results® of calcu-
lations including the Breit ‘interactien according to 5] are in perfect agreement with
~ the measured values.

The crystal curvature is currently the limiting factor with respect to the resolving
power. Instrumental improvements must focus on a different way of bending‘ the
transmission crystal, such as using a preshaped foam mask which hosts the crystal in

a sandwich-type arrangement.

38Honglin Zhang, private communications.
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8 Summary

8.1 Results

This work successfully demonstrated the feasibility of extending spectroscopical plasma
diagnostic tools to the hard x-ray regime. The results of the high-resolution spectro-
scopic measurements on highly charged krypton and xenon include the first excitation—
energy selective measurement of the dielectronic recombination resonances in the he-
liumlike krypton Ka spectrum, the first level-specific measurement of then =2 — 1
transitions in heliumlike and hydrogenlike xenon, and the first determination of the
electron-impact excitation cross section in heliumlike systems that are heavier than

iron, i.e., with an atomic number Z > 26. In particular:

Krypton: The excitation-energy selective spectra, presented in Figure 6.3,
page 119, enable the separation of transitions that have the same x-ray energy

but strongly depend on the excitation energy.

e The measurement of the wavelengths and transition energies supports the
latest development of the atomic strucf;ure calculations of heliumlike sys-
tems and shows the need for a thorough treatment of the QED effects.
The presented transition—energy measurements have an accuracy of about
30 ppm and, therefore, are sensitive to test the 1.4-eV QED contribution

~ to the energy of the 1s2s configuration [152]. The wavelengths calibra-
tion of the krypton spectra was performed using well known lines of the
Ka emission of hydrogenlike manganese and heliumlike and berylliumlike

iron.

e The excitation—energy selective spectra show that the “forbidden” transi-
tion 152535, — 15219y, i.e., line z in Figure 6.3, is the best suited candidate
among the heliumlike transitions for the determination of the ion temper-

ature. This preference arises from the relatively small overlap — regarding
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the x-ray energy — with dielectronic satellite lines.

o The KLL (15252 excited level) DR resonances in lithiumlike krypton were
identified and their wavelengths measured (see Table 6:3, page 122). The

wavelengths are determined relative to the heliumlike transitions.

Xenon: The development of a DuMond-type transmission crystal spectrome-
ter was the base of the experimental gﬁort presented in Chapter 7. The low
x-ray flux emitted by SuperEBIT requifes special care with respect to the in-
strumentél efficiency. Utilizing a transmission-type crystal and operating the
spectrometer in monochromator mode, thus, providing almost 100% detection
efﬁcieﬁcy by employing a germanium detector, were important steps in achiev-
ing the spectra of heliumlike and hydrogenlike xenon shown in the Figures 7.3
and 7.4. The investigation of the xenon spectra includes the line positions for
the determination of the transition energies, and the line intensities which were

used for the determination of the electron—impact cross sections.

e The Ka transition energies were determined relative to the transition en-.
ergy of the xenon Ly-c line. The precision is in the 3 to 6-eV range and

is limited by counting statistics.

o Utilizing two g_ermanium detectors, the xenon Ly—a; transition energy was
measured with respect to the current x-ray standard. This measurement,
motivated by the need for a calibration of the recorded transmission spec-
tra, shows the impact of the detector’s long-time stability on the achievable
precision, in particular, 50 ppm whereas the uncertainty due to counting
statistics was only 5' ppm. The measurement demonstrates the limitation
of low-resolution devices and, thus, emphasizes the need of high-resolution
spectrometers. The disagreement between the measured xenoﬁ Ly—a; tran-
sition energy and the theoretical prediction is somewhat surprising. How-

ever, this disagreement does not necessarily call for a correction in respect
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to the widely accepted theoretical values for the transition energies of the
hydrogenlike isoelectronic sequence. The difference most likely reflects the
shift between the line centroid and the peak position due to the asymme-
try of the line profile in the spectrum the cesium calibration values are
extracted from. Therefore, a reevaluation of the commonly used x-ray

wavelengths table for atomic inner—shell transitions is required.

e The determination of the electron-impact cross sections relative to the ra-
diative recombination cross sections is a very successful demonstration of
the functionality of the déveloped transmission—‘typé spectrometer. Ad-
ditionally, these measured cross sections benchmark the development of
atomic codes in the medium and high-Z regime. In particular, the mea-
sured values show the significance of the Breit interaction in this electron—
energy regime and, therefore, the importance of including the Breit inter-

action in the calculations.

EBIT /SuperEBIT: The discussion of the electron beam properties, which
includes the relativistic treatment of the electron motion®?, lead to the deriva-
tion of the space charge assuming a Gaussian electron density distribution, see
eq.(4.25) on page 35. By applying a simple model it was shown (Figure 4.8,
page 41), that due to the drift tube geometry the electron beam always creates
an axial trapping pdtential even without applying a potential difference between
the drift tubes. Additionally, the space charge compensation factor was inferred

from two measurements, presented in Table 4.4, and on page 149.

39None of the published papers that include a discussion about the electron-beam properties, such

as electron density or space charge potential, of EBIT or SuperEBIT apply relativity. .
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8.2 Suggestions for future research

There is a wealth of information contained in the krypton spectra, which has not
been exploited so far. The goal is the identification of all dielectronic resonances,
and the determination of their position but also of their relative intensities. Such
a complete set of experimentally achieved atomic data is imperative for correct and

accurate Interpretation of spectra obtained from the various plasma sources as well
as for correct predictions of the energy transfer in plasmas by means of radiation -and
electron—ion collisions. |

The charge exchange cross sections between highly charged xenon ions and neutral
neon atoms, presented in Table 7.13, show a very interesting pattern, namely, that
the charge exchange between the neutral neon atoms and hydrogenlike xenon jons is
definitely favored corﬂpared to the charge exchange between the neutrals and bare or
heliumlike ions. A verification of this result is desirable and might shed some light
on the dependence of the charge exchange process on the total angular momentum
of the highly charged target ions.

The measurement of the xenon Ly—a; transition energy using the germanium de-
tectors indicates that the tabulated transition energy values of the characteristic Ko x.
rays of some elements have a systematic uncertainty due to the definition of the tran-
sition energy and wavelength, respectively, as the peak value of the spectral feature.
This definition does not account for the asymmetric appearance in the measurement
the tabulated values are based on. High—precision measurements, thus, might have to
be based on a different calibration, as presented in the measurement of the transition
energies in heliumlike krypton, i.e., the calibration with respect to hydrogenlike Ly-c
x rays. In fact, the theoretically predicted values might reach such a precision that

hydrogenlike lines could be used as the new x-ray standards.
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8.2.1 Instrumental improvements

e SuperEBIT: Replacing the kerosene cooling system with a less corrosive liquid,
e.g., purified water, which is the prime candidate with respect to the environ-
ment, would certainly improve the reliability of the SuperEBIT device opera-

tion.

e Position sensitive proporticnal counter: ‘A‘Implementation of a resistive delay line
on each side of the anode wire array would add a second spatially resolved
dimension. A two-dimensional detection of the spectrally decomposed image
of the electron beam is important for a von Hamos spectrometer setup when
crystals with a small radius of curvature are used, as shown in Figure 5.6 on

page 85.

e Crystal bender: The variable crystal bendef, designed for the transmissidn—type
spectrometer, offers too many degrees of freedom for crystals that have a small
elasticity module, i.e., crystals that easily deform plaStically, such as lithium
fluoride. A new crystal bender was designed, where the crystal is basically
pressed into the desired shépé by a set of prefabricated blocks made out of a
low-Z, low density material. The new design, however, has not been tested,

yet.

e Transmission—-type spectrometer: An advanced design of the developed crystal
spectrometer could host a set of crystals behind each other, since the non-
resonant transmission of hard x-rays is very high due to the thinness of the

crystal. Thus, different crystals could “filter” different x-ray energies.
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A Table of physical constants

Table A.l: List of fundamental physical constants used in this thesis. Unless
specified the values are taken from Cohen and Taylor [145]. More recent values were
incorporated if .they had a higher or equal precision. The column symbol gives, of
course, only the most common notation used for the specific quantities. The column

A, lists the relative uncertainties.

Quantity Syrﬁbol Values & Units Aver Ref.

ppm
speed of light in vacuum =~ ¢p 299792458 % i(exact)
permeability of vacuum fho 47 -1077 %% ‘ (exact)
permittivity of vacuum €0 8.854187817... - 10712 é% (exact)
Planck constant h 6.6260755 - 1073 Js 0.60
elementary charge e 1.60217733 - 107 As 0.30
electron mass Co 9.1093897 - 1073! kg 0.59
Boltzmann constant k 1.380658 - 10723 8.5
Rydberg constant R, 1.0973731534 - 10° + 0.0012
wavelength voltage product AV 12398.4243 eVA 0.60
- X-ray wavelength unit A AW Kap) = 0.2091 A° [144]
A* unit A: 100001481 - 10710 m 092
lattice spacing of Si(220) in dgg - 1.92015540 - 1071 m 0.21  [146, 147]

vacuum, at 22.5 C
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B Velocity of electrons accelerated by an electro-

stat\ic field

The kinetic energy of an electron is equal to the electron charge times the accelera-
tion potential, i.e., Eyxin = Epot = €U, where e is the elementary charge and U the
acceleration potential. Generally, the kinetic energy can be expressed as the gain in

the electron mass (Am) times the speed of light in vacuum square (cy?), i.e.,
Erin = Amci=mgyco®(y—1) (B.1)

with v = ——— . (B.2)

Thus, the speed of the electron is:

2
_ B MyCo2
Vrel = Cp \11 ("—mo'c‘—"‘—"“oz T 6U> . | (B3)

In the non-relativistic case where the electron speed is much less than the speed of

light the factor -y can be sufficiently characterized by following expansion,

v N\2] 72 22
(2 ~lr Y 4
i [1 (Co)J 1+,’Zco2 ’ (B-4)
and eq.(B.3) modifies to: |
Ve = 26U J (BS)
Mo .

In Figure B.1 the electron speeds obtained with the relativistic and non-relativistic

formulae are compared, and it clearly shows the systematic overestimation of the elec-

tron speed when using the non-relativistic relation. Moreover, it shows that above an

z2 511
m; Zo ~ —%— kV the classic treatment yields electron

velocities that exceed the speed of light. For practical purposes, it is very handy to

acceleration potential of U =

express the acceleration voltage in terms of the relative systematic uncertainty in-

- troduced when using the non-relativistic approach. Defining the relative systematic
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uncertainty as
Ve — Uy
A, =l Tl (B.6)

Vrel

the upper limit of the acceleration voltage in order to not exceed a given relative

systematic uncertainty is:

)

0o = mocp® 14 (14 A,)°
e 4

1 +AU)2] (B.7)

+4 L+ A,)2 |5

If, for example, the relative syétematic uncertainty of the calculated electron velocity
should be below 1%, then the classic approach is limited to acceleration potentials
below 6.8 kV. A graph showing the dependence of the maximum acceleration voltage
on the limit of relative systematic uncertainty is shown in Figure B.1.
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Figure B.1: Comparison of relativistic versus non-relativistic treatment for deter- -

mination of the electron speed in the presence of a acceleration potential U/. Graph

(a) shows the overestimation of the electron velocity (given as fraction of the speed of

light in vacuum) when applying classical mechanics. (b) gives the difference between

relativistic and non-relativistic calculation in percent (refer to eq.(B.6)).
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